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Abstract 
 
 
 
Subsequent to the World Trade Centre collapses in 2001, general interest into structural 
robustness and progressive collapse has been significantly heightened. It is recognised that 
the current prescriptive rules employed in the design of building structures to resist 
progressive collapse need to be replaced by performance-based approaches. A continuing 
research program at Imperial College London aims at the development of a complete design 
method that will address the basic features of progressive collapse whilst being tractable in 
terms of complexity for routine use in practice. An important step towards that objective is 
the proper treatment and understanding of the fundamental mechanics of the problem. The 
current study is motivated by that requirement and seeks to build on previous developments 
at Imperial to explore the progressive collapse response of steel and composite buildings on 
a quantitative basis. At first, the study is dedicated to the development of a simplified 
model for representation of the connection behaviour. The model is incorporated into a 
slope-deflection approach and an analytical method for prediction of the nonlinear static 
response of steel and composite beams following column removal – i.e. a common design 
scenario for progressive collapse – is derived. The method is carefully validated and 
applied in a detailed study of the response of axially restrained beams in progressive 
collapse, where the most important structural parameters and their effects on performance 
are identified. Based on those outcomes, the behaviour of bare steel and composite grillage 
systems following sudden column loss is subsequently appraised. It is concluded that 
progressive collapse resistance depends on the interplay between the connection moment 
capacities and ductility. Performance may also be enhanced by compressive arching action 
in the presence of axial restraint; however, for average values of connection ductility, 
failure typically occurs prior to the development of significant tensile catenary action. 
Therefore, it is suggested that design methods for progressive collapse should be primarily 
oriented towards the prediction of appropriate values for the connection moment capacities. 
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Notation 
 
 
 
A  Beam cross-sectional area 
d  Connection equivalent lever-arm * 
D  Vertical distance between the compressive centres of the support and mid-span 
connections of a double-span beam system 
bD  Beam depth 
e  Connection axial extension * 
E  Modulus of elasticity 
EA  Beam axial rigidity * 
EI  Beam flexural rigidity * 
iF  Force of connection component i 
*
 
RdiF ,  Capacity of connection component i 
*
 
CF  Connection compressive force * 
C
RdF  Connection compressive capacity 
*
 
CFmax  Connection maximum compressive force within the compressive arching stage 
provided the connection compressive capacity is not exhausted 
TF  Connection tensile force * 
T
RdF  Connection tensile capacity 
*
 
kg  Unfactored dead load per unit area 
ih  Lever-arm of connection component i 
*
 
e
eqk  Connection initial tensile stiffness 
p
eqk  Connection post-limit tensile stiffness 
iK  Stiffness of connection component i 
*
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e
iK  Initial stiffness of connection component i 
*
 
p
iK  Post-limit stiffness of connection component i 
*
 
aK  Effective axial stiffness of the beam and the axial support 
aCK  Effective axial stiffness consisting of aK  and CK  
aEIK  Effective axial stiffness consisting of aK  and EIK  
CK  Connection compressive stiffness 
EIK  Equivalent axial stiffness associated with the beam flexural rigidity ( EI ) 
a
effK  Effective axial stiffness of beam system 
e
eqK  Effective tensile stiffness of the beam system associated with the connection 
initial tensile stiffness ( eeqk ) 
p
eqK  Effective tensile stiffness of the beam system associated with the connection 
post-limit tensile stiffness ( peqk ) 
C
RK  Stiffness of the compressive rigid link of the connection mechanical spring 
model (Fig.3.1) * 
T
RK  Stiffness of the tensile rigid link of the connection mechanical spring model 
(Fig.3.1) * 
sK  Support axial stiffness 
L  Beam span 
M  Connection bending moment (the contribution of the beam axial load is 
included) * 
EdbM ,  Beam design bending moment 
RdbM ,  Beam sagging moment capacity 
jM  Connection bending moment (the contribution of the beam axial load is 
excluded) * 
RdjM ,  Connection moment capacity 
*
 
n  Number of the intermediate beams in a single structure al bay 
N  Beam axial load 
CN max  Beam maximum compressive axial load developed within the compressive 
arching stage 
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P  Beam or grillage total gravity load 
0
,CdP  Beam or grillage maximum pseudo-static compressive arching capacity  
 associated with elastic connection compressive behaviour 
max
,CdP  Beam or grillage maximum pseudo-static compressive arching capacity 
associated with elastic or inelastic connection compressive behaviour 
y
dP  Yield capacity of the beam or grillage system 
EddP ,  Grillage total dynamic design load 
q  Beam or grillage distributed gravity load 
Edbq ,  Beam static design load per unit length 
0
Cq  Beam maximum static compressive arching capacity associated with elastic 
connection compressive behaviour 
0
,Cdq  Beam or grillage maximum pseudo-static compressive arching capacity 
associated with elastic connection compressive behaviour 
max
,Cdq  Beam or grillage maximum pseudo-static compressive arching capacity 
associated with elastic or inelastic connection compressive behaviour 
y
dq  Yield capacity of beam or grillage system  
Eddq ,  Grillage dynamic design load per unit area 
Rddq ,  Grillage resistance 
kq  Unfactored imposed load per unit area 
Edq  Grillage static design load per unit area 
mr  Ratio between the connection hogging moment capacity and the beam design 
bending moment 
qr  Ratio between the grillage dynamic and static design loads 
CR  Compressive force transferred via the compressive rigid link of the connection 
mechanical spring model * 
TR  Tensile force transferred via the tensile rigid link of the connection mechanical 
spring model * 
ts  Beam transverse spacing 
jS  Connection rotational stiffness 
*
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e
jS  Connection elastic rotational stiffness 
*
 
p
jS  Connection post-limit rotational stiffness 
*
 
u  Connection axial deformation * 
RdjV ,  Connection shear capacity 
w  Beam static deflection 
0
Cw  Beam static deflection corresponding to 
0
Cq  
dw  Beam dynamic deflection 
0
,Cdw  Beam dynamic deflection corresponding to 
0
,Cdq  
max
,Cdw  Beam dynamic deflection corresponding to 
max
,Cdq  
iCx ,  Ratio between the maximum pseudo-static compressive arching capacity and the 
yield capacity of beam system i 
imx ,  Ratio between the connection sagging and hogging moment capacities of beam 
system i 
z  Lever-arm between the connection compressive centre and the beam axial load * 
imz ,  Coefficient of the design bending moment of beam i (Eqn.8.7) 
Z  Vertical distance between the neutral axes of the beam cross-sectional areas 
located within the regions of hogging and sagging bending moments 
 
 
α  Grillage weighting factor associated with the loading distribution 
iα  Weighting factor of beam i associated with the loading distribution 
iβ  Deformation compatibility factor of beam i 
maxδ  Beam maximum mid-span flexural deflection 
i∆  Deformation of connection component i 
*
 
a∆  Axial deformation of the beam system 
Ca,
max∆  Maximum compressive axial deformation of the beam system 
b∆  Beam equivalent axial deformation due to bending 
T∆  Connection tensile deformation * 
C∆  Connection compressive deformation * 
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C
max∆  Connection maximum compressive deformation 
*
 
s∆  Deformation of axial support 
1θ  Connection rotation associated with deformation of the tensile components * 
f
1θ  Connection rotation capacity associated with deformation of the tensile  
 components * 
2θ  Connection rotation associated with deformation of the compressive  
 components * 
µ  Strain hardening coefficient 
Φ  Connection total rotation * 
 
                                                 
*
 Where discrimination between quantities associated with sagging and hogging bending moments is required, 
the parameter associated with hogging bending moment is denoted by the corresponding notation with the 
addition of a note. 
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Chapter 1 
 
Introduction 
 
 
 
1.1 Opening  
 
1.1.1 Progressive collapse 
 
The term ‘Progressive collapse’ denotes a chain-reaction form of structural failure, initiated 
by local damage that subsequently spreads throughout the structure and results in the 
collapse of a substantial portion of the structural system. It is typically triggered by an 
abnormal load (i.e. triggering event) which causes damage to one or more structural 
components, leading to redistribution of loading and collapse of adjacent overloaded 
members with the process continuing until the structural system reaches a new state of 
equilibrium. Essentially, failure corresponds to an inability of the structure to adopt a new 
equilibrium position following some initial damage – albeit in its grossly deformed 
condition – without separation at key locations.  
 
While total prevention of failure may not always be feasible, it is important to minimise the 
effects of progressive collapse in practice and, in particular, prevent the extent of failure 
from being disproportional to the triggering event (Nair, 2006). Provided collapse is 
disproportional to the triggering event, it may also be referred as ‘disproportionate’. A 
disproportionate collapse, however, may not always be progressive since it can occur 
immediately (Starossek and Haberland, 2010). Therefore, the term ‘disproportionate’ 
defines the proportion between cause and effect whereas the term ‘progressive’ denotes the 
type of failure. 
 
Various progressive collapse incidents in recent years have shown that potential triggering 
events may include accidental loads (i.e. gas explosions, impacts, fire), natural disasters 
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(i.e. extreme winds, earthquakes), malicious actions and errors during design and 
construction (Wearne, 2000). Such events are unforeseeable and are characterised by low 
probability. In addition, abnormal events typically take place over a very short timescale 
and their effects are, therefore, dynamic. 
 
An initial damage involves gross deformations, generating large strains, leading to inelastic 
material behaviour as well as change of geometry effects of the directly affected structure. 
Depending on the extent and location of the initial damage as well as the type and form of 
the structural system, failure propagation may involve various mechanisms of collapse 
(Starossek, 2007, 2009). In building structures, propagating actions mainly include 
separation of structural members, impact of falling failed structural components and 
inability of load-bearing members to sustain the demands placed upon them. 
 
Progressive collapse resistance may be enhanced by minimising the incidence of triggering 
events, limiting the initial damage that may result from an abnormal load, or preventing 
disproportionate collapse that may occur as a result of the initial damage (Ellingwood and 
Leyendecker, 1978). The ability of the structure to effectively resist an abnormal load 
without suffering local damage is called ‘local resistance’ and depends on the strength of 
specific critical components. On the other hand, the ability of the structure to sustain an 
initial damage without suffering disproportionate collapse is called ‘robustness’ (Knoll and 
Vogel, 2009). 
 
In building structures, robustness principally depends on structural redundancy. 
Redundancy is the ability of the structure to absorb an initial damage and resist progressive 
collapse through development of alternative load paths – i.e. the forces originally carried by 
the damaged member(s) are redistributed to adjacent intact members. Development of 
effective alternative load paths requires integrity of the structural system. Structural 
integrity requires sufficient continuity between the structural members and mainly depends 
on the strength and ductility of structural components. Limited connection ductility in 
combination with overloading of the structural members may lead to poor robustness and 
undesirable brittle types of failure (Byfield, 2004). On the other hand, an increase in 
connection ductility enhances the energy absorption capacity of the structural system 
which, under certain conditions (Izzuddin et al., 2008), may also contribute to the overall 
structural robustness. 
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1.1.2 Failure incidents 
 
Aspects of the topic of progressive collapse may be identified in several forensic 
investigations of structural failures caused by bomb explosions and debris impacts in 
London during the Second World War. The most important findings from those 
investigations were recently reviewed by Byfield (2006) and Smith et al. (2010). Although 
most damages were found to be localised due to the inherent robustness of structural 
systems at the time, any local or global collapse was principally associated with weaknesses 
in the connections between the structural members. 
 
The response of the World Trade Centre North Tower (WTC 1) in New York following a 
large truck bomb detonation in 1993 demonstrated the significance of excessive local 
resistance at critical zones of the structure (Ramabhushanam and Lynch, 1994). The 
explosive device was placed at one of the basement levels with an intention to damage 
critical load-bearing members and trigger progressive collapse. However, as a result of the 
direct blast effect, only the floor slabs in the vicinity of the explosion were demolished 
whereas the columns remained almost intact and prevented propagation of collapse beyond 
the zone of the initial damage. 
 
The behaviour of the Pentagon Building during the coordinated terrorist attacks of 9/11 in 
the United States stressed some of the basic features of structural robustness. As a result of 
the aircraft impact and the ensuing fires, approximately 50 columns were destroyed or 
significantly weakened. However, the extent of collapse was substantially limited as 
compared to the triggering event. Studies have shown that the effective provisions for 
redundancy, continuity and energy absorption capacity were the main parameters that 
contributed to the resistance of the building against progressive collapse (ASCE 2003, 
2005). 
 
Although the above and several other similar incidents provided useful information about 
the concepts of structural robustness and progressive collapse, general interest and public 
concern have time and again been heightened by successive remarkable collapses of major 
building structures. Some of those incidents – which are essentially considered as 
landmarks in the history of the subject due to their spectacular consequences on design 
codes and research activity – are briefly described next. 
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Ronan Point Building 
The concept of progressive collapse of building structures was first illustrated by the 
remarkable partial collapse of the Ronan Point Building in Newham (East London) in 1968. 
A gas explosion in a corner apartment on the 18th floor of the 22-storey precast concrete 
building dislodged one of the exterior wall units that formed principal components of the 
vertical supporting system. Following loss of vertical support at that level, the above corner 
floor areas collapsed (Fig.1.1a) and the subsequent collision with the lower floors led to 
progressive collapse of essentially the whole height of the corner area of the building 
(Fig.1.1b). 
 
 
Figure 1.1   Partial collapse of the Ronan Point Building in East London 
(Source: http://www.newhamstory.com/) 
 
Investigations at the time (Griffiths et al., 1968) indicated that, although the explosion was 
not significant in magnitude, failure was disproportionate to the cause due to several design 
and construction flaws which were re-examined and confirmed by further investigations 
during the demolition of the building in 1986 (Pearson and Delatte, 2005). The limited 
resistance of the load-bearing walls to lateral loading and, more importantly, poor 
workmanship at critical structural connections (i.e. lack of continuity) were the main 
reasons for the initial damage, whereas collapse progression was facilitated by lack of 
continuity and structural redundancy in the upper floors.  
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The Ronan Point collapse initiated a first wave of research interest in the subject and within 
the few years following the issue of the inquiry report into the circumstances of the collapse 
(Griffiths et al., 1968), provisions for structural integrity of building structures were 
introduced in the UK Building Regulations. Those provisions are still employed in current 
UK practice (Bussell and Jones, 2010), whereas similar provisions have also been adopted 
in other national and international design codes over time. 
 
Murrah Building 
New insights into the features of progressive collapse came to the fore in 1995 by the 
bombing of the Alfred P. Murrah Federal Office Building in Oklahoma City. The nine-
storey reinforced concrete building consisted of an ordinary moment frame system arranged 
on a 6.1×10.7 metres column grid. However, on the front face of the building, every second 
exterior column was supported by a third-floor continuous transfer girder, allowing for a 
spacing of 12.2m between the principal columns at the first two levels (Fig.1.2a). An 
excessive detonation, caused by a large explosive device placed close to one of the middle 
ground-floor columns, resulted in the collapse of nearly half of the building (Fig.1.2b). 
 
 
Figure 1.2   Partial collapse of the Murrah Building in Oklahoma City   
(Source: http://www.oklahomacitybombing.com/) 
 
Investigation of the damage was conducted immediately after the incident based on limited 
visual inspection at the site and a series of analytical studies of the blast effects and the 
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possible mechanisms that triggered progressive collapse. A report was issued in 1996 
(FEMA, 1996) and particular aspects of the most important findings were also presented 
later in a series of papers (Corley et al., 1998; Mlakar et al., 1998; Sozen et al., 1998). 
 
Computational studies (Mlakar et al., 1998) estimated that three of the columns supporting 
the third-floor transfer girder were damaged and portions of several floor slabs in the 
proximity of the blast were demolished as a result of the direct blast effect. In particular, the 
column located close to the centre of the explosion was directly removed by the process of 
brisance whereas the two adjacent columns on either side failed in shear. Further analytical 
studies of the possible collapse mechanisms (Sozen et al., 1998) showed that removal of 
those columns resulted in collapse of the third-floor transfer girder which led to progressive 
spread of failure well beyond the zone of the direct blast damage. It was concluded that the 
dispersion of damage was facilitated by lack of sufficient ductility, continuity and structural 
redundancy in the upper floors. 
 
The investigation, however, confirmed that the building was designed and constructed in 
accordance with standing code requirements. At the time of construction (i.e. mid-1970’s), 
there was no requirement for considering earthquake, blast or other extreme loading in 
Oklahoma. Nevertheless, relevant studies have shown that, if seismic design provisions had 
been considered, collapse progression might have been limited due to better interconnection 
between the structural members and higher ductility of critical components as well as 
abrupt shear failure of principal columns by the direct blast effects might have been 
prevented. Therefore, the area of collapse would have been likely reduced by 50-85% 
(Corley et al., 1998).  
 
More recently, the above prospect was further explored (Hayes et al., 2005) and it was 
confirmed that both the extent of initial damage and the potential for progressive collapse 
would have been considerably limited if a common seismic resisting structural system was 
employed in the perimeter of the building. It is, therefore, suggested that such strengthening 
techniques may be effective in enhancing the robustness of new or existing buildings where 
necessary. 
 
Six months after the bombing of the Murrah Building, the Interagency Security Committee 
(ISC) was established to address security issues for Federal buildings in the United States. 
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One of its principal responsibilities was to develop security standards for Federal facilities. 
In response to that, guidelines to structural robustness were developed and issued by the 
General Services Administration (GSA) as well as separate guidelines were also developed 
later on for projects of the Department of Defence (DoD). Arguably, these two guidelines 
(GSA, 2003; DoD, 2009) include the most detailed design methods that can be found 
nowadays in codes and standards. 
 
WTC Twin Towers 
General interest in progressive collapse and public concern about its consequences were 
dramatically heightened by the terrorist attacks of September 11, 2001 on the World Trade 
Centre (WTC) Twin Towers (known as WTC 1 and WTC 2 respectively). As widely 
known, the towers were initially damaged by intentional aircraft impacts (Fig.1.3a) and, in 
combination with ensuing fires, collapsed (Fig.1.3b). Both towers encompassed 110 storeys 
and were very similar in structure. The structural design consisted of a network of closely-
spaced perimeter columns and deep beam spandrels comprising a robust steel frame-tube 
system as well as another system of more widely-spaced columns in the core. The perimeter 
and core column systems were connected through a steel truss system (also referred as ‘hat 
truss’) located at the top four floors. The floors consisted of lightweight concrete over steel 
decking and they were supported by steel truss beams. 
 
 
Figure 1.3   Total collapse of the WTC Twin Towers in New York City 
(Source: http://911research.com/wtc/) 
Progressive collapse response of steel and composite buildings 
 36 
Immediately after the unfortunate event, the Federal Emergency Management Agency 
(FEMA) and the American Society of Civil Engineers (ASCE) planned and carried out a 
preliminary study of the disaster. The objective of the study was to examine the damage, 
develop sufficient understanding of the structural response, determine the probable collapse 
mechanisms and provide directions for additional studies. A detailed report of the study 
was issued in 2002 (FEMA, 2002), whereas a brief summary of the main outcomes may 
also be found elsewhere (Corley, 2004, 2008). Within the same year, the National Institute 
of Standards and Technology (NIST) commenced more detailed investigations including 
laboratory tests and extremely detailed computer simulations which were completed and 
reported three years later (NIST, 2005). 
 
The studies concluded that, as a result of the direct impact effects, principal structural 
components such as perimeter and core columns as well as floor slabs were damaged and 
the thermal insulation within the affected areas was widely dislodged. Notwithstanding, 
each tower withstood the impact and remained standing for several minutes (Fig.1.3a) 
mainly due to the redundancy of the perimeter frame-tube system. In addition, loading was 
redistributed from the damaged core to the perimeter, through the top hat truss. However, 
ensuing intense fires, ignited by the aircraft fuel, spread over several floors and, in the 
absence of sufficient fireproofing, weakened critical load-bearing components in the 
vicinity of the initial damage. Subsequently, the vertical load carrying capacity at those 
levels was lost and the upper part of each tower collapsed. Collision with the lower parts 
induced extremely large impact forces, causing an immediate and progressive series of 
floor failures that led to the total collapse of each tower (Fig.1.3b). 
 
The debris from the collapses of the two towers caused damage and initiated fires in the 
surrounding buildings. Of particular interest is the subsequent collapse of the 47-storey 
WTC 7 building, which was caused mainly by its exposure to unchecked fire for almost 
seven hours. Since that was the first fire-induced collapse of a fire-protected typical steel-
framed building in the United States, it attracted particular attention from the investigators 
(FEMA, 2002; NIST, 2008). 
 
The studies have shown that simple modifications in the structural design of the towers 
would not have significantly reduced the scale of the damage, unless perhaps a more 
effective adhesion of the fireproofing material had been provided (NIST, 2005). 
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Nevertheless, based on the outcomes of the studies (FEMA, 2002; NIST, 2005, 2008), a list 
of recommendations to improve safety of building structures was compiled. These 
recommendations essentially aim at improving existing relevant code and standard 
requirements rather than introducing new regulations. In terms of structural performance, a 
series of recommendations for enhancing structural integrity against impact loading and 
improving fire protection, resistance and endurance is provided. It is noted that, where 
prescriptive design methods are employed to account for the above requirements, those 
should be replaced by improved performance-based methods. 
 
 
1.1.3 Progressive collapse design approaches 
 
Subsequent to the Ronan Point collapse in 1968, several design approaches to guard against 
progressive collapse of building structures were developed. These approaches are mainly 
categorised as follows (i.e. Taylor, 1975; Ellingwood and Leyendecker, 1978): 
- Event control (also referred as ‘Reduction of risk’), 
- Indirect design, and 
- Direct design. 
 
Event control refers to non-structural protective measures that are considered for 
minimising the incidence of abnormal events or reducing the intensity of abnormal loads 
and their effects on the structure. Such protective measures may include control of public 
access in specific buildings or provision for specific defended standoff zones close to 
critical structural components (i.e. specified as ‘key’ elements). None of those provisions, 
however, can totally eliminate the risk or the effects of abnormal loads, whereas such 
approaches are outside the control of the designer and do not increase the inherent 
resistance of the structure to progressive collapse. 
 
On the contrary, indirect and direct design methods rely on structural provisions to 
minimise the effects of abnormal loads on the structure. Indirect design employs the ‘tying 
method’ which is largely based on prescriptive requirements for increasing the general 
structural integrity of the building and, therefore, enhancing the overall structural 
robustness. On the other hand, direct design is implemented through performance-based 
methods using specific design criteria and explicit structural analysis. Resistance to 
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progressive collapse is identified by verifying that the structure meets specific objectives 
when subject to an abnormal load or when suffering a specified local damage. Accordingly, 
the ‘specific local resistance’ and ‘alternative load path’ methods are considered for each 
case respectively. The indirect and direct design approaches were introduced into the UK 
Building Regulations shortly after the Ronan Point collapse as well as in other national 
design codes since then (Section 2.2). 
 
Tying method 
This method aims at providing continuity between the structural members of the building 
through effective tying of the frame in the horizontal and vertical directions as shown in 
Fig.1.4. The tying requirements are associated with specific minimum levels of tying 
strength and ductility. These requirements should be met by the structural ‘ties’ which are 
principally represented by the network of the structural members (i.e. beams and columns) 
and their connections. 
 
 
Figure 1.4   General tying of framed buildings 
 
Tying is a practically attractive design method since it has the advantage of being easy to 
implement through simple calculations. Although appropriate tying likely results in a 
certain degree of overall structural robustness, it does not provide a specific quantitative 
indication of the margin against progressive collapse since the limit values of the required 
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tying forces are essentially prescriptive. Therefore, the method may be effective in 
preventing progressive collapse only if the prescribed tying capacities and the available 
ductility of the structural ties are sufficient to develop alternative load paths when a 
structural member or a portion of the building collapses. 
 
Specific local resistance method 
The specific local resistance method seeks to provide a higher margin of safety to specific 
structural members – i.e. referred as ‘protected’ or ‘key’ elements – and typically requires 
those members to be designed to a higher load factor. The method may be applied to 
increase the strength of structural members located at areas that are believed to be prone to 
accidental actions. More importantly, the method is recommended for situations when the 
loss of a specific structural member cannot be tolerated by the structure. Such members 
may be required to remain intact to allow for the development of alternative load paths 
when a local damage occurs. Transfer girders and their supporting columns are 
representative examples of ‘key’ elements in framed buildings.  
 
Since the specific local resistance is an event-dependent method, the required level of 
strength may be specified only by considering specific and reasonably foreseeable 
triggering events. Therefore, this design method cannot provide an absolute level of safety 
against progressive collapse as well as its implementation may require significant increase 
in the cost of the structure where certain triggering events associated with excessive loading 
effects are considered. Therefore, the alternative load path method or a combination of the 
two direct methods may provide more cost-effective design solutions. 
 
Alternative load path method 
In the alternative load path method, the ability of the structure to guard against progressive 
collapse is assessed by considering a given specific local damage. Most usually, the local 
damage is simulated by column removal as illustrated in Fig.1.5 with the directly affected 
structure bridging over the increased span by sustaining the additional load that was 
originally carried by the failed member. As shown in Fig.1.5, this scenario normally 
involves gross deformations of the directly affected structural members which are stressed 
well beyond their limit strengths. In particular, for realistic representation of the dynamic 
effects of abnormal loads, a sudden column removal scenario is considered. 
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Figure 1.5   Column removal mechanism 
 
As compared to the specific local resistance method, the alternative load path method has 
the advantage of being independent of the triggering event. Gudmundsson and Izzuddin 
(2010) have recently conducted numerical studies to compare the behaviour of framed 
structures following idealised sudden column removal (i.e. event-independent) and column 
damage caused by specific dynamic threats such as blast effects. The studies have shown 
that the former scenario provides an upper bound on the maximum dynamic floor 
deformations due to column damage by blast effects. It is, therefore, concluded that 
application of the event-independent sudden column loss concept may indeed provide a 
realistic approximation of structural robustness. 
 
The level of structural analysis used to examine the behaviour of the damaged structure 
varies from linear static applications using elastic theory – where the dynamic effects are 
accounted for indirectly based on prescribed dynamic factors – to sophisticated nonlinear 
dynamic numerical approaches. Provided the analysis is developed in a way that models the 
key features of the problem whilst remaining tractable in terms of computational 
complexity, the alternative load path method offers more insights into the progressive 
collapse behaviour and may provide more reliable design solutions to robustness than the 
tying and specific local resistance methods. 
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1.2 Outline of the current study  
 
1.2.1 Objectives of the study  
 
Most current codified design provisions to progressive collapse – that were essentially 
established since the Ronan Point collapse – are primarily based on tying requirements 
whereas the performance-based alternative load path approach is recommended as an 
alternative design method, especially for the case when the tying requirements are not met 
(ODPM, 2004; EN 1991-1-7, 2006). Nevertheless, the latter method is not explicitly 
addressed in most design codes (ODPM, 2004; EN 1991-1-7, 2006; ASCE, 2010). Detailed 
codified methods based on the alternative load path concept were recently introduced in the 
United States (GSA, 2003; DoD, 2009) but their application usually requires detailed 
computational analyses. 
 
In this regard, the available codified design methods for progressive collapse – which are 
further described in Section 2.2 – are either represented by prescriptive rules or lack the 
simplicity needed for routine use in practice. This situation can be corrected by introducing 
practical and effective design methods similar to those used in the serviceability and 
ultimate limit states of conventional structural design (Nethercot et al., 2007). It is believed 
that an important step towards development of such design methods is the study and 
understanding of the fundamental mechanics of progressive collapse and it is suggested that 
the problem can be most suitably approached by adopting the threat-independent sudden 
column loss concept of the alternative load path method as a basis for this study. 
 
Since the World Trade Centre collapses in 2001, research studies mainly focus on the 
development of the alternative load path method (Section 2.3). Most of those studies, 
however, employ detailed finite element static or dynamic approaches to simulate structural 
performance following sudden column loss – most usually by considering a substantial 
subsystem of the structure. Although such approaches provide some insights into the 
problem, they are all limited by the particular examples studied and, therefore, make only a 
limited contribution towards the development of an improved understanding of the essential 
physics of progressive collapse and the ability to make direct quantitative links between 
cause and effects (Nethercot et al., 2010). 
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To overcome this limitation, a simplified framework for progressive collapse assessment 
was recently developed at Imperial College (Izzuddin et al., 2007, 2008). The framework – 
which is briefly described in Section 2.4 – adopts the sudden column loss concept to model 
the basic features of the problem without requiring complex finite element analysis. The 
nonlinear static response of the structure or a substantial substructure (i.e. Fig.1.5) is 
assembled based on the corresponding responses of the individual beams – which may be 
obtained by detailed or simplified analysis – while dynamic effects are incorporated 
through an energy-equivalence approach without the need for detailed dynamic analysis. 
 
As compared to the computationally intense approaches that are widely used in relevant 
research studies, the Imperial College framework provides the basis needed for the 
development of a better treatment of the mechanics of progressive collapse. The objective 
of the current study is to supply new developments to the Imperial College framework that 
would facilitate the study and understanding of the fundamental mechanics of the problem 
on a quantitative basis. Therefore, the outcomes of the study will provide specific directions 
towards the development of practical design methods for progressive collapse – similar to 
those commonly employed in conventional structural design – that will, in turn, form the 
basis for future research studies. 
 
 
1.2.2 Layout of the study  
 
The performance of the connections between the main structural members is considered as 
the single most important feature in progressive collapse. In this regard, the behaviour of 
steel and composite connections under the loading conditions experienced in progressive 
collapse is first studied in Chapter 3. Based on a suitable mechanical spring model 
developed in previous studies (Del Savio et al., 2009), an explicit model linking the 
connection deformations with the combined loading that may develop in progressive 
collapse (i.e. bending moments and axial forces in the presence of axial restraint in beams) 
is derived and validated against both experimental and numerical results. 
 
The model of Chapter 3 is incorporated into an extended slope-deflection approach and an 
analytical method for prediction of the nonlinear static response of axially restrained and 
unrestrained steel and composite beams following column loss is derived in Chapter 4 and 
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verified against results obtained from detailed numerical analyses using ADAPTIC 
(Izzuddin, 1991). The method explicitly models the basic features of the problem (i.e. gross 
deformations, nonlinear material behaviour and change in geometry effects as well as 
compressive arching and tensile catenary actions) by using simple calculations – suitable 
for use in a spreadsheet format – and enables rapid examination of different alternative 
arrangements. 
 
By conducting a series of parametric studies using the analytical method of Chapter 4, the 
most important structural parameters that influence the performance of axially restrained 
beams are identified. The effects of those parameters are studied in Chapters 5 and 6 where 
the mechanics of beam performance following column removal are thoroughly explored. A 
series of simplified models which facilitate isolation and examination of the effects of each 
parameter on the various stages of response (both static and dynamic) are derived and 
verified against the analytical method of Chapter 4. Since the effects of each structural 
parameter are established, it is possible to identify effective methods to enhance beam 
performance in practice. 
 
By considering the outcomes of Chapters 5 and 6, the behaviour of grillage systems 
following sudden column loss is studied and appraised in Chapter 7. Since grillage 
performance can be approximated by assembling the beam responses according to the 
simplified approach of the Imperial College method, it is confirmed that it depends 
accordingly on the effects of the various structural parameters defined in Chapters 5 and 6. 
Therefore, based on the effects of those parameters, practical methods for the design of 
axially restrained and unrestrained grillage systems against progressive collapse are 
proposed in Chapter 8. A worked example is presented which confirms that the methods 
may provide reasonable design solutions, whereas possible limitations are identified and 
discussed. In addition, a series of practical design considerations is compiled based on the 
outcomes of Chapters 5, 6 and 7. 
 
Finally, the most important conclusions of the study are summarised in Chapter 9 and 
several suggestions for future research are provided. Among others, it is suggested that the 
analytical methods of Chapters 3 and 4, the outcomes of Chapters 5, 6 and 7 and the design 
considerations of Chapter 8 may be utilised in future research for further development and 
improvement of the design methods derived in Chapter 8. 
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Chapter 2 
 
Literature review 
 
 
 
2.1 Introduction  
 
During the first half of the past century, structural design was principally based on safety 
criteria defined by strength requirements that were essentially determined based on 
subjective safety factors. Within the first two decades of the second half of the century 
however, several natural disasters, such as earthquakes and extreme wind or snow loads, 
caused a number of remarkable structural collapses worldwide. Those failure incidents 
stressed the deficiency in the standing codified design methods to provide adequate 
structural safety under such rare but highly hazardous scenarios. The need for more rational 
design methods, capable of accounting for the possible loading conditions that could be 
experienced during the lifetime of the structure and providing a realistic representation of 
performance, was therefore recognised in many quarters. 
 
Research efforts were then oriented towards the development of a new philosophy of 
structural design based on probabilistic models. The objective was to develop behaviour-
oriented codified design methods that would explicitly treat uncertainties associated with 
design variables such as loads and resistances. The development of such methods was 
essentially based on comprehensive analyses of corresponding statistical and empirical data 
(e.g. Ellingwood et al., 1982; Ellingwood and Galambos, 1982, Galambos et al., 1982), 
while relevant research developments of previous decades facilitated considerably the 
process. Therefore, probability-based load and resistance design criteria for the various 
conditions (i.e. limit states) that may affect structural performance were established and 
introduced in structural codes and standards. Over time, the probability-based design 
concept was further developed (Ellingwood, 1994) and it nowadays forms the basis of 
current codified methods for conventional structural design. 
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The Ronan Point collapse in 1968 has shown that building structures may also be exposed 
to abnormal loading effects arising from accidents. In contrast to ordinary variable loads 
such as live, earthquake, wind and snow (which may also cause structural failure when an 
unfavourable combination occurs), accidental loads are typically unforeseeable and are not 
characterised by statistical regularity. In addition, initial damage caused by abnormal loads 
may mobilise different load-resisting mechanisms than those considered in conventional 
design. Therefore, conventional limit state design criteria may not be sufficient to minimise 
the effects of abnormal loads and the potential for progressive collapse. On the contrary, 
such abnormal events require conditional limit states – i.e. based on suitable load and 
resistance design criteria – to be considered (Ellingwood and Dusenberry, 2005). Towards 
that objective, several studies have been performed since the Ronan Point collapse. 
 
The first studies focused on the probability of occurrence of abnormal loads (Somes, 1973; 
Leyendecker and Burnett, 1976). Gas explosions, bomb detonations and vehicle impacts 
have been defined as the most hazardous abnormal loads at the time and it was concluded 
that their risk should not be ignored in structural design. Subsequent studies were oriented 
towards the development of loading criteria for use in the alternative load path and local 
resistance design methods (Section 1.1.3). Therefore, various suitable sets of load factors 
and load combination schemes were derived based on appropriate probabilistic models 
(Leyendecker and Ellingwood, 1977; Ellingwood and Leyendecker, 1978; Bennett, 1988) – 
similar to corresponding load criteria developed for conventional limit states. Such load 
criteria may be found in several current codes and standards (e.g. BS 5950-1, 2001; EN 
1991-1-7, 2006; ASCE, 2010). 
 
It was recognised that the development of explicit local resistance requirements to resist the 
effects of any abnormal event was limited by the lack of sufficient data (Ellingwood and 
Leyendecker, 1978) as well as such a strategy would most likely lead to non-economic 
design solutions (Taylor, 1975). In this regard, it was concluded that more realistic design 
solutions could be obtained based on the alternative load path concept or a suitable 
combination of both methods (Ellingwood and Leyendecker, 1978). Development of 
resistance criteria using the alternative load path concept requires analysis and 
understanding of the structural performance following an abnormal event. At the time, such 
applications were not quite feasible due to the absence of rigorous computational 
approaches. This is demonstrated in the limited number of relevant reported studies where 
Chapter 2:   Literature review 
 47 
structural performance following an initial damage is essentially approximated and 
appraised qualitatively (e.g. Taylor, 1975; Ellingwood et al., 1983; Gross and McGuire, 
1983). 
 
Following a fallow period in research activity, the topic of progressive collapse came back 
to the fore after the Oklahoma City bombing in 1995, whereas research interest has surged 
significantly since the unfortunate events of 9/11. Particular effort has been focussed on 
developing the alternative load path design method and recent advances in computational 
mechanics have facilitated the systematic application of that approach. In this regard, 
detailed methods for progressive collapse design based on the alternative load path concept 
have been recently introduced in design guidelines in the United States (GSA, 2003; DoD, 
2009). 
 
An overview of the robustness design provisions and regulations that can be found in 
current design codes and standards is presented in Section 2.2 and their main limitations are 
discussed. In Section 2.3, a summary of recent studies that have principally focused on the 
development of the alternative load path concept of column removal is presented. Finally, 
corresponding developments of previous research studies at Imperial College London are 
described in Section 2.4. 
  
 
2.2 Formal provisions for progressive collapse design  
 
Effective design methods for progressive collapse are not incorporated yet in codes and 
standards in an explicit and consistent manner. Traditional practice – which essentially 
dates back to the Ronan Point collapse – is primarily based on prescriptive rules associated 
with tying requirements. The alternative load path method is addressed in most design 
codes but, most usually, specific strength and deformation requirements are not provided. 
More recently (essentially in the aftermath of the Murrah Building collapse in 1995), 
detailed design methods based on the alternative load path concept of sudden column 
removal have been developed in the United States. Those methods however, typically 
require detailed numerical analyses and, therefore, they may not be suitable for routine use 
in practice. 
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2.2.1 British Standards and Eurocodes 
 
Regulations covering issues of structural robustness and progressive collapse had first been 
introduced to the Building Regulations in the UK in the aftermath of the Ronan Point 
collapse in 1968. The current regulations – defined based on the Requirement A3 of the 
Building Regulations 2000 (2000), as amended since 2004 – are included in the Approved 
Document A (AD-A) of the Building Regulations 2000, promulgated by the Office of the 
Deputy Prime Minister (ODPM, 2004) and they are applicable in line with corresponding 
provisions specified in the British Standards. These regulations were traditionally adopted 
for many years for enhancing structural robustness and they are still widely used, albeit 
maintenance of the British Standards was recently ceased. Similar regulations are also 
included in the Eurocodes which are now available in most European countries and their 
use is becoming increasingly common. The AD-A and Eurocode approaches to robustness 
are briefly described and compared in this Section. 
 
 
2.2.1.1 Approved Document A (AD-A)  
 
The Requirement A3 of the Building Regulations 2000 (2000) states that ‘the building shall 
be constructed so that in the event of an accident the building will not suffer collapse to an 
extent disproportionate to the cause’. The requirement is met by adopting the design 
approach outlined in AD-A (ODPM, 2004). Buildings are classified into four groups 
depending on the perceived consequences of collapse which are defined according to the 
type of structure, number of storeys, floor area and occupancy.  
 
No requirements are specified for the lowest class, whereas specific requirements are 
specified for the two intermediate classes; in particular, certain buildings may be designed 
only based on minimum requirements while others should be designed based on additional 
requirements using more detailed design approaches so as to limit the effects of accidental 
actions. In addition to those requirements, a systematic risk analysis is required for the 
highest class of buildings. 
 
Minimum requirements are mainly associated with the provision of effective horizontal ties 
which should be sufficiently anchored and capable of resisting minimum levels of tying 
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forces, as defined in the corresponding material codes. For structural steelwork, a minimum 
limit of 75kN is defined in Clause 2.4.5.2 of BS 5950-1 (2001). These ties may be the 
network of steel beams and connections as well as reinforcement bars acting compositely 
with steel beams. However, where additional provisions for enhancing structural robustness 
are required, more detailed design approaches such as general tying, notional removal of 
members and specific provisions for protected members (i.e. ‘key’ elements) are adopted. 
These approaches, which are addressed in detail in the various material codes, are outlined 
next. 
 
General tying 
The building should be effectively tied together by providing horizontal and vertical ties 
according to the recommendations of the corresponding material codes. For steel framed 
buildings, tying requirements are defined in Clause 2.4.5.3 of BS 5950-1 (2001). In 
particular, the horizontal design tying forces are specified based on the maximum between 
the nominal value of 75kN – defined by the minimum requirements – and half the vertical 
load of the member (i.e. typically equal to the connection design shear forces). Therefore, 
the internal and edge horizontal ties (i.e. beams and connections) should be capable of 
resisting the following factored tensile forces respectively: 
 ( ){ }kN75  ,  6.14.150.0max LnsqgT tkki +=  (2.1) 
 ( ){ }kN75  ,  6.14.125.0max LnsqgT tkke +=  (2.2) 
 
In the above expressions,  kg  and kq  are the characteristic dead and imposed loads per unit 
area, ts  is the beam mean transverse spacing and L  is the beam span. The factor n  
accounts for a reduction in the design tying force where the number of storeys is less than 
five; otherwise, it is equal to unity. 
 
In addition, effective vertical tying requires continuity of the columns throughout the total 
height of the building. In particular, any column splice should be capable of resisting a 
tensile force equal to the largest total factored vertical load applied to the column section at 
any floor level between the specific splice and the next column splice down. In this regard, 
column splices should be able to transmit the tensile forces developed when the columns 
act as hangers following removal of a lower supporting member. 
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Notional removal of members 
If effective tying of the building or continuity of the columns cannot be provided, each 
column and beam supporting columns (i.e. transfer beam) should be notionally removed, 
one at a time, in each storey in turn and the ability of the remaining structure to bridge over 
the missing member as well as the area at risk of collapse should be assessed. The area at 
risk of collapse should not exceed the minimum between 15% of the total floor area and 
70m2 – which are essentially empirical limits – and it should not extend further than the 
immediate adjacent storey. According to Clause 2.4.5.3 of BS 5950-1 (2001), only a third 
of the wind and imposed loads should be allowed for together with the dead load in these 
checks, except from certain cases where the full imposed load may be considered. 
 
Key elements 
If loss of a load-bearing member cannot be tolerated by the structure – i.e. through bridging 
over the damaged zone – and the portion of the building at risk of collapse exceeds the 
prescribed limits of damage, the corresponding member should be designed as ‘protected’ 
(also referred as ‘key’ element). A protected member should be designed for a specific 
value of uniform pressure – i.e. accidental design load – acting over its surface, applied 
from all horizontal and vertical directions, in one direction at a time. In particular, a 
minimum value of 34kN/m2 is specified in BS 6399-1 (1996), representing the static 
equivalent pressure from a notional gas explosion, as originated in the aftermath of the 
Ronan Point collapse. 
 
 
2.2.1.2 Eurocodes 
 
The Eurocode formal requirements for limiting the effects of accidental actions on 
buildings are given in Annex A to EN 1991-1-7 (2006). Those are largely based on the 
traditional UK requirements and, therefore, the Eurocode design approach to robustness is 
very similar to the corresponding approach of the AD-A (ODPM, 2004) described in 
Section 2.2.1.1. 
 
In EN 1991-1-7 (2006), the design forces of the horizontal ties are defined based on a 
similar expression to BS 5950-1 (2001) given in Eqn.2.1 and Eqn.2.2. Instead of basing 
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these design forces to the corresponding shear forces however, the following accidental 
load combination is adopted: 
 ( ){ }kN75  ,  8.0max LsqgT tkki ψ+=  (2.3) 
 ( ){ }kN75  ,  4.0max LsqgT tkke ψ+=  (2.4) 
 
The coefficient ψ  accounts for the effects of combined actions and it is defined in Annex 
A1 to EN 1990 (2002). As shown in Eqn.2.3 and Eqn.2.4, no reduction in the horizontal 
tying forces is considered when the number of storeys is less than five. 
 
The vertical members should be capable of resisting a tensile force equal to the largest total 
design load applied to the column at any floor level – i.e. not only on the floor levels 
between two column splices as specified in the corresponding approach of BS 5950-1 
(2001). Finally, the maximum area of collapse should not exceed the minimum between 
15% of the floor area and 100m2, which is less conservative than the corresponding 
prescribed limit of AD-A (ODPM, 2004). 
 
 
2.2.2 United States Standards and Guidelines 
 
The issue of progressive collapse is recognised in several US codes and standards; 
however, none of them provides specific provisions for the design. The relative provisions 
of the ASCE 7-10 (ASCE, 2010) Standard are briefly described in Section 2.2.2.1. More 
detailed design provisions have been developed by government agencies in the aftermath of 
the Murrah Building collapse in 1995 (GSA, 2003; DoD, 2009). These are discussed in 
Sections 2.2.2.2 and 2.2.2.3 respectively.  
 
 
2.2.2.1 ASCE 7-10 Standard 
 
In the ASCE 7-10 Standard (ASCE, 2010), indirect design provisions to structural 
robustness are addressed in the Commentary to Clause 1.4. Several recommendations for 
enhancing structural integrity – such as through ductility, continuity and redundancy – are 
provided, but minimum load or strength design criteria are not specified. 
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Load combinations for use in the direct design methods are given in Clause 2.5. For the 
alternative load path design method, the capacity of the damaged structure after notional 
removal of a structural member is assessed by using the following gravity load 
combination:  
 ( ) ( )RSLLD r or  or  2.05.02.1or  9.0 ++  (2.5) 
 
Furthermore, for the specific local resistance method, the capacity of a structural element to 
withstand the effect of an abnormal load is evaluated by considering the following load 
combination: 
 ( ) SLAD k 2.05.02.1or  9.0 +++  (2.6) 
 
In the above expressions, D , L , rL , S  and R  are the dead, live, roof live, snow and rain 
loads respectively and kA  is the load effect arising from an abnormal event. 
 
As explained in the Commentary to Clause 2.5, the dead load is multiplied by the factor 0.9 
when it has a stabilizing effect. In addition to the above gravity loads, the following 
notional lateral force should be applied at each level of the structure to check lateral 
stability: 
 ∑= ii PN 002.0  (2.7) 
 
In the above expression, ∑ iP  is the gravity force acting at level i, defined by Eqn.2.5 or 
Eqn.2.6. 
 
Similarly to BS 5950-1 (2001) and EN 1991-1-7 (2006) however, no strength or 
deformation requirements are specified for the direct design methods. 
 
 
2.2.2.2 GSA Guidelines 
 
For Federal facilities in the United States, robustness requirements are provided in the 
General Services Administration Guidelines (GSA, 2003). These requirements are largely 
based on the alternative load path design method which may be implemented using linear 
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elastic static (LS), linear elastic dynamic (LD), nonlinear static (NS) or nonlinear dynamic 
(ND) analysis approaches. Linear procedures may be implemented for buildings with 
typical structural configuration that encompass no more than 10 storeys. For buildings that 
do not meet those requirements, nonlinear approaches should be employed for the analysis. 
 
In dynamic analysis, the following combined loading should be applied to the affected 
structure: 
 LL25.0DL +  (2.8) 
 
In static analysis, a load factor of 2 is adopted to account for dynamic effects: 
 ( )LL25.0DL2 +  (2.9) 
 
In the above expressions, DL and LL are the dead and live loads respectively. 
 
For typical structural configurations, three external and one internal column removal tests 
are proposed. External column removal tests are performed only at the ground floor; one 
corner column and one column at or near the middle of the edge in each direction of the 
building should be notionally removed. In addition, notional removal of one column located 
interior to the perimeter column lines at underground parking or uncontrolled ground floor 
areas should be performed.  
 
Linear elastic analysis 
For linear elastic static or dynamic applications, an iterative process for evaluating the 
potential for progressive collapse is proposed by the Guidelines. 
 
Demands are indicated through specific Demand-Capacity Ratios (DCR). At each step of 
the analysis, the DCR for each component is checked. If the DCR of a member exceeds the 
acceptance criteria in shear, this component is considered as failed. On the other hand,  if 
the DCR of a member end exceeds the acceptance criteria in bending, this end is released, 
its moment is redistributed and the structure is re-analysed. If moments have been 
redistributed throughout the entire building and values of DCR are exceeded in components 
located outside the allowable areas of collapse, the building is considered to have high 
potential for progressive collapse. 
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Failure should be limited within the structural bays directly affected by the removal of the 
column. In addition, maximum permissible areas of collapse are specified to minimise the 
allowable extend of damage in structural configurations with abnormally large structural 
bays. Therefore, the area of collapse should not exceed approximately 167m2 or 334m2 
when an external or internal column is removed respectively. 
 
Nonlinear analysis 
For nonlinear static and dynamic applications, detailed numerical approaches capable of 
modelling material and geometric nonlinearity should be employed. The Guidelines specify 
maximum allowable ductility and/or rotation limits for various structural components (i.e. 
columns, beams and connections) and construction types. The corresponding component 
deformations are determined with respect to the ultimate vertical deflection at the location 
of the removed column obtained from the analysis. 
 
 
2.2.2.3 Unified Facilities Criteria 
 
The recent version of the Unified Facilities Criteria (UFC) of the Department of Defence 
(DoD, 2009) provide detailed robustness provisions for Department of Defence projects. In 
these Guidelines, the tie force, alternative load path and specific local resistance design 
methods are addressed. 
 
Tie forces 
In the previous version of the Guidelines (i.e. 2005), a similar approach to BS 5950-1 
(2001) was adopted for calculation of the required tying capacities. According to the 
provisions of the current version, the required horizontal tie forces are carried by the floor 
system unless the structural members (i.e. beams and connections) are capable of carrying 
some or all of the forces while undergoing very large rotations (i.e. at least 0.2rad as 
specified in the Guidelines). The required tie strengths for peripheral and internal ties 
respectively are specified as follows: 
 13 LwF  (2.10) 
 16 LwF  (2.11) 
 
Chapter 2:   Literature review 
 55 
In the above expressions, Fw  is the floor load (per unit area) and 1L  is the greater of the 
distance between any two adjacent columns in the direction under consideration (i.e. the 
direction of the tie force). 
 
For vertical ties, similar requirements to those specified EN 1991-1-7 (2006) are provided. 
If the vertical tie strength requirement is not met, the alternative load path method may be 
applied by considering notional removal of that member to assess the potential for 
progressive collapse. 
 
Alternative load paths 
The ASCE (2010) gravity load combination given in Eqn.2.5 is adopted for dynamic 
analysis and increased accordingly for static applications. This gravity load should be 
applied in combination with the lateral load given in Eqn.2.7. In particular, for a specific 
column removal scenario, one analysis for each direction of the building is required. 
 
With respect to the planar locations of the removed columns, similar scenarios as in GSA 
(2003) are considered. Apart from the ground floor peripheral columns however, the 
corresponding columns at the mid-height of the building, below the roof and above column 
splices should also be notionally removed. Column removal test should also be performed 
at specific internal locations of parking levels or levels with uncontrolled public areas. 
 
Three analysis procedures are employed: linear static (LSP), nonlinear static (NSP) and 
nonlinear dynamic (NDP). For each analysis type, acceptance criteria for the various 
structural components are specified. If any component does not meet those criteria, the 
building is considered as prone to progressive collapse. 
 
The use of the linear static procedure is permitted only when specific criteria associated 
with the regularity of the structural configuration and the demand-capacity ratios of the 
structural components are met. An increase factor is employed for the applied gravity load 
(Eqn.2.5) which depends on the connection type and beam depth. 
 
For nonlinear static analysis of framed buildings, dynamic increase factors (DIF) typically 
less than 2 – as compared to the corresponding increase factor specified in the GSA (2003) 
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and the previous version of DoD (2009) – are proposed. The DIF depends on the 
connection rotation capacity. Specific rotation capacity limits are defined with respect to 
the connection type and beam depth. 
 
Local resistance 
The local resistance method is applied to enhance shear and flexural capacity of perimeter 
columns and reduce the probability of initial damage by specifying prescriptive resistance 
criteria. 
 
 
2.2.3 Summary and discussion 
 
The issue of progressive collapse of building structures is treated in various ways by the 
different national and international design codes and standards. Nevertheless, as can be 
identified by the summary provided in this Section, the available design methods are 
represented by simplified prescriptive rules associated with minimum tying force 
requirements or detailed numerical approaches that lack the simplicity needed for routine 
use in practice. 
 
The tying force is one of the most popular design approaches since it requires simple 
calculations. As noted in Section 1.1.3 however, the method can be effective in preventing 
progressive collapse provided the prescribed tying forces enable the structure to bridge over 
damaged components through development of catenary action. Several studies of the 
progressive collapse response of steel and composite frames employing simple (Byfield and 
Paramasivam, 2007; Vlassis et al., 2008) or semi-rigid (Stylianidis et al., 2009; Blundell et 
al., 2010) connections have shown that the above requirement is most likely not met by the 
tying force method. In particular, with respect to the prescribed tie forces of BS 5950-1 
(2001), the required connection rotations are extremely large – i.e. up to 0.4rad (Byfield 
and Paramasivam, 2007). Further studies have shown that, for average connection rotation 
capacities, failure typically occurs prior to entering the tensile catenary stage and, therefore, 
other mechanisms are much more important than catenary action (Nethercot et al., 2010; 
Nethercot and Stylianidis, 2011). Therefore, it was concluded that the tying force method 
alone cannot provide a reliable indication of the ability to resist progressive collapse. 
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Furthermore, most codes specify an admissible floor area of collapse following an initial 
damage. It is, therefore, implied that lower floors should be able to support the impact 
forces imposed by the collapsed portion of the upper floor(s), provided the removed 
structural member is not a ground-floor column or a first-floor transfer beam. In some 
codes, the permissible damage may extend to the floors above or below the location of the 
initial damage (i.e. ODPM, 2004) and, therefore, the volume of the falling debris is larger. 
However, recent studies (Vlassis et al., 2009) have shown that the lower floors may not be 
able to sustain the impact forces and, therefore, this situation could possibly lead to a 
progressive collapse. 
 
In the GSA (2003) and DoD (2009) Guidelines, the level of structural analysis for the 
alternative load path design method varies from linear static applications to sophisticated 
numerical approaches including dynamic effects, large deformations and inelastic material 
behaviour. While linear elastic approaches have the advantage of being relatively simple to 
implement, nonlinear dynamic approaches can provide more realistic representation of 
performance (Marjanishvili, 2004). However, several studies have shown that different 
margins of progressive collapse resistance may be identified using the various types of 
analysis (i.e. Marjanishvili and Agnew, 2006; Kim and Kim, 2009a). 
 
This is partially associated with the methodology adopted in static analysis to account for 
dynamic effects. It has been recognised that the dynamic increase factor of 2 specified in 
GSA (2003) and in the previous version of DoD (2009) may lead to conservative solutions 
when a nonlinear static analysis is employed. The new approach introduced in the current 
version of DoD (2009) which incorporates ductility considerations to reduce the dynamic 
increase factor, moves away from the conservative value of 2. Although that approach is an 
advance over the prescribed constant value of 2 and can lead to less conservative design 
solutions as confirmed in relevant studies (Khandelwal and El-Tawil, 2011), it is still not 
correct. As illustrated by Izzuddin and Nethercot (2009) through several examples, this 
approach can still lead to excessive conservatism in certain cases or to unsafe design in 
others since it does not account for the actual form of structural response. 
 
It is believed that the inconsistency in the robustness provisions of the different national 
and international design codes will eventually be corrected since research efforts worldwide 
have been intensified and oriented towards that direction. It is important, however, for 
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practicing engineers to absorb the successive changes in codified methods and to be able to 
implement them in their designs. Therefore, the National Institute of Standards and 
Technology prepared a report (NIST, 2007) to review progressive collapse provisions in 
various national design codes in order to facilitate their understanding and proper 
implementation in practice. Furthermore, a practical guide has been issued more recently by 
the Institution of Structural Engineers (IStructE, 2010) that describes the basic features of 
progressive collapse and compares the AD-A and Eurocode robustness regulations. The 
document is principally oriented to practicing engineers in the UK and aims at facilitating 
the proper use of the two codes during the code transition period in the UK. 
 
 
2.3 State of research in progressive collapse of steel framed buildings 
 
As noted previously, research interest in progressive collapse has been increasingly 
intensified since the World Trade Centre collapses in 2001. Most studies have focused on 
the development of the alternative load path method by considering notional column 
removal as a design scenario. Given the complexity of the problem, very few experimental 
studies of column removal have been conducted thus far (Section 2.3.1). However, 
numerous studies have employed detailed numerical approaches to explore structural 
performance (Section 2.3.2). 
 
 
2.3.1 Experimental studies 
 
The alternative load path concept is typically illustrated by the global response of the 
building or a structural subsystem following an accidental damage. Experimental studies of 
the behaviour of substantial structural systems following sudden column loss are practically 
infeasible. In this regard, only a small number of tests have been conducted thus far and 
those tests involved only specific portions of frame systems and static load applications. 
The results of two comprehensive experimental projects conducted in Europe and the 
United States respectively have been recently reported. Both studies explored the behaviour 
of double-span beam systems subject to static monotonic loading up to failure. Brief 
summaries of those projects are given next. 
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European RFCS project 
A three-year project was recently undertaken by a research team in Europe to explore the 
effects of joint ductility on structural robustness. The project was completed in 2007 and 
the final report was published in 2009 (Kuhlmann et al., 2009). The study principally 
focused on the mechanics of column removal whereas other extreme loading conditions 
such as fire and earthquake were also considered. In particular, the mechanics of column 
removal were explored by experimental, numerical and analytical studies. 
 
Part of the experimental work was conducted at Liege University where the mechanics of 
column removal were examined by testing the behaviour of an axially restrained double-
span composite beam subject to static distributed loading. Ductile connection arrangements 
were used to facilitate development of tensile catenary action prior to failure. A summary of 
that study may also be found elsewhere (Demonceau and Jaspart, 2010). In addition, 
corresponding arrangements of steel and composite joints were tested individually against 
combined bending moments and tensile forces at Stuttgart University. Furthermore, tests 
were performed at the University of Trento to examine the effects of tensile forces on the 
behaviour of individual connection components such as endplate T-stubs. The main 
findings from the latter study are also presented in a separate publication (Baldassino and 
Zandonini, 2009). Based on the outcomes of the above tests, a series of requirements for 
increasing joint ductility was compiled. Among others, increases in the bolt resistance, the 
bolt gauge and the spacing between the beam flanges and the adjacent bolt-rows were 
confirmed as effective practical methods. 
 
Moreover, appropriate numerical models were developed to simulate the beam response 
following column removal and they were validated against the experimental results. Based 
on those models, a series of parametric studies was conducted and some key-parameters of 
performance were identified – i.e. the degree of axial restraint in beams, the connection 
bending moment-axial load post-limit behaviour and the connection elongation within the 
tensile catenary stage of the response. By considering the effects of those parameters, a 
simplified method – suitable for representation of the beam tensile catenary behaviour 
following column removal – was derived. That method can be used for prediction of the 
connection required ductility with respect to the beam gravity loading; however, it does not 
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account for the effects of compressive arching action, it ignores the initial elastic phase of 
performance and it is applicable only when the connection ductility is rather high. 
 
NIST project 
The National Institute of Standards and Technology (NIST) is currently conducting a 
comprehensive research program to study the behaviour of building structures in 
progressive collapse. The study is largely based on the analysis of several three-
dimensional models of prototype 10-storey buildings with various materials and structural 
systems that have been specifically designed for the particular project. For validation of 
those models, full-scale tests of isolated beam-column assemblies representing specific 
portions of the corresponding framing systems were planned and carried out. The final 
report of the experimental study of two steel framed buildings with moment connections 
was recently issued (Sadek et al., 2010), whereas a summary of the study may also be 
found elsewhere (Sadek et al., 2009). 
 
Two test specimens were suitably set up for simulation of the column removal mechanism. 
Each specimen represented a portion of the exterior framing system of an intermediate 
(IMF) and a special (SMF) moment frame building respectively, designed for the NIST 
comprehensive project as discussed previously. The IMF and SMF systems employed 
welded unreinforced flange-bolted web (WUF-B) and reduced beam section (RBS) 
connections respectively. 
 
The specimens were subject to monotonically increasing vertical displacement at the mid-
span (i.e. location of the removed column) and they were loaded until their load carrying 
capacity was significantly reduced (i.e. upon reaching collapse mechanism). Apart from the 
applied load, displacements and strains at various locations were measured. For both 
systems, the initial stage of the response was governed by flexural effects, whereas tensile 
axial forces developed in the beams within the subsequent plastic stage. The SMF system 
exhibited substantially higher ductility and capacity as compared to the IMF system. In 
particular, the rotation capacities of the WUF-B and RBS connections were defined as 
equal to 81mrad and 140mrad respectively. Furthermore, at the corresponding 
displacements of failure, the applied vertical loads were approximately equal to 890kN and 
1780kN for the IMF and SMF respectively. 
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In addition, detailed numerical models with large number of solid and shell elements as 
well as reduced numerical models with beam and spring elements were developed to 
simulate performance of the two systems. The predictions of those models exhibited good 
agreement with the corresponding test results. Therefore, since both the detailed and 
reduced models were capable of representing the basic features of the response, it was 
suggested that reduced numerical models may be used in subsequent studies for the 
analysis of the progressive collapse behaviour of complete structural systems. 
 
 
2.3.2 Numerical studies 
 
Until only recently, explicit study of the alternative load path concept was not quite feasible 
due to limitations in computer hardware and structural analysis software. However, 
advancements in computational mechanics over the past few years have now made it 
possible to employ sophisticated numerical approaches including material and geometric 
nonlinear behaviour and dynamic effects which are essential components for a realistic 
representation of the structural performance following sudden column loss. It is, therefore, 
not surprising that numerous studies of progressive collapse using detailed numerical 
applications of the alternative load path method have been conducted and reported over the 
past few years. 
 
Most of those numerical studies focused on the behaviour of two-dimensional frame 
systems and principally explored the effects of the connection parameters and the beam 
dimensions and properties on performance. Some of those studies are briefly described in 
Section 2.3.2.1. Further studies employed more detailed three-dimensional models to 
examine the effects of the slab membrane behaviour on performance as discussed in 
Section 2.3.2.2.  
 
In addition, some case studies were also conducted to explore the progressive collapse 
response of entire building structures following sudden column loss (e.g. Fu, 2010; Galal 
and El-Sawy, 2010; Kwasniewski, 2010). Due to the large number of finite elements 
required for simulating the behaviour of such global models however, each of those studies 
provided a very small number of results and, most importantly, no actual links between 
cause and effects have been identified from those results. 
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2.3.2.1 Two-dimensional frame system models 
 
Ruth et al. (2006) employed nonlinear static and dynamic approaches to analyse the 
behaviour of various steel frame arrangements following sudden column removal. The 
objective of the study was to identify suitable dynamic increase factors for nonlinear static 
applications. The study confirmed that the dynamic increase factor of 2 specified by the 
GSA (2003) guidelines (and the DoD guidelines at the time), leads to conservative design 
solutions and it was concluded that, at least for steel frame buildings with typical structural 
configurations, the dynamic increase factor should not exceed 1.5.     
 
Kim and Park (2008) explored the effects of the beam strength on the progressive collapse 
behaviour of moment resisting steel frames. In particular, they employed a plastic analysis 
to calculate the beam design bending moments with respect to the maximum rotation 
criteria specified in the nonlinear approach of GSA (2003). Performance following column 
removal was analysed using nonlinear static and dynamic approaches and it was shown that 
the frames designed using the above concept exhibited higher resistance to progressive 
collapse as compared to conventionally designed frames. It was, therefore, concluded that 
performance may be enhanced by increasing the strength of the structural components. 
 
Khandelwal et al. (2008) employed numerical models to compare the progressive collapse 
resistance of the intermediate (IMF) and special (SMF) moment frame buildings designed 
for the NIST continuing research program discussed in Section 2.3.1. Two-dimensional 
models representing portions of the exterior framing systems of the buildings were 
considered and simplified mechanical spring models were used to simulate the behaviour of 
the WUF-B and RBS connections (Section 2.3.1) of each frame respectively. The 
progressive collapse resistance of each frame was assessed based on the sudden column 
removal concept by employing nonlinear dynamic analyses. Similarly to the outcomes of 
the corresponding tests (Section 2.3.1), it was concluded that the progressive collapse 
resistance of the SMF system was higher than the resistance of the IMF system due to the 
higher strength and ductility of the corresponding connections. Very similar conclusions 
were also obtained from a corresponding study conducted by Kim and Kim (2009b). 
 
Khandelwal et al. (2009) performed a similar study to compare the progressive collapse 
behaviour of concentrically (CBF) and eccentrically (EBF) braced frames. It was found that 
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the progressive collapse resistance of building structures may increase by the use of bracing 
systems and it was concluded that, for the specific examples considered, the EBF system 
exhibited a rather enhanced overall behaviour following sudden column loss as compared 
to the corresponding CBF system. 
 
Xu and Ellingwood (2011) explored the behaviour of various steel frame structures with 
semi-rigid partial- or full-strength connections following sudden column loss. They 
employed nonlinear static approaches for the analysis and the dynamic effects were 
incorporated using the simplified dynamic method proposed by Izzuddin et al. (2008) 
which is described in Section 2.4. The study has shown that full-strength connections 
provide higher resistance to progressive collapse as compared to partial-strength 
arrangements. In addition it was confirmed that performance is enhanced by decreasing the 
beam span. The latter effect had also been identified in other studies (e.g. Kim et al., 2009). 
 
 
2.3.2.2 Three-dimensional floor system models 
 
By considering the intermediate (IMF) and special (SMF) moment frame buildings 
designed for the NIST research study of progressive collapse (Section 2.3.1), Sadek et al. 
(2008) explored the slab effects on performance following removal of an internal ground 
floor column. The internal framing systems of the two buildings were identical, comprising 
of simple shear (i.e. single-plate) beam-to-beam and beam-to-column connections. 
Furthermore, only the directly affected subsystem consisting of four identical structural 
bays was considered, whereas due to symmetry, the analysis was limited only to a single 
structural bay. Finite elements were employed to model the structural system (i.e. beam and 
column sections, connections and composite slab system) and suitable boundary conditions 
were introduced to account for the interaction with the surrounding structure.  
 
Nonlinear static analysis was performed to simulate column removal. In the analysis 
however, the gravity load was considered to be concentrated at the location of the removed 
column. It was found that 55% of the ultimate capacity of the system (i.e. defined by failure 
of the connections in shear) was attributed to membrane action of the slab system and it 
was identified that both the steel decking and the slab reinforcement contributed to the 
membrane behaviour of the slab. 
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Alashker et al. (2010) extended the above study to further explore the effects of the most 
important parameters defined by Sadek et al. (2008). Therefore, the study mainly focussed 
on the effects of the steel decking, the slab reinforcement and the connection shear strength 
on performance. It was observed that the system was able to keep carrying a significant 
level of loading after failure of the centre connection (i.e. above the removed column). 
Furthermore, it was found that the steel decking had a major contribution to the ultimate 
capacity of the system, whereas the connections failed at an early stage of the response and, 
therefore, their effects on the subsequent stages and the ultimate capacity of the system 
were rather limited. 
 
More recently, Alashker and El-Tawil (2011) developed a simplified model for 
representation of the membrane behaviour of floor systems following column removal. In 
particular, the model can be applied for prediction of the slab membrane and grillage (i.e. 
network of beams and connections) tensile forces with respect to the vertical deflection of 
the floor system. Verification against the numerical results obtained from the above 
numerical study (Alashker et al., 2010) demonstrated that the model may provide 
reasonably accurate predictions. However, the model does not account for flexural effects 
and, therefore, it may be applicable only when simple connections are employed as well as 
the dynamic effects of sudden column removal are not taken into account. 
 
 
2.4 Imperial College assessment framework for progressive collapse 
 
A simplified framework for the assessment of structural performance following sudden 
column removal has been developed in previous studies at Imperial College London 
(Izzuddin et al., 2007, 2008). This simplified assessment framework can model the basic 
features of the problem without the need for detailed dynamic numerical analysis and, 
therefore, it contrasts in its simplicity of application with other computationally complex 
approaches that have been widely used in recent research studies (Section 2.3.2). 
 
The assessment framework allows application at various levels of structural idealisation 
depending on the regularity of the building in terms of structure and loading. Therefore, 
implementation may be at member, single-floor system, multiple-floor system, affected bay 
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or entire building as illustrated in Fig.2.1. The response at higher levels is assembled by the 
responses at lower levels based on a simplified multi-level approach. 
 
 
Figure 2.1   Simplified multi-level approach (based on Izzuddin et al., 2008) 
 
At the first level of model reduction, consideration may be given only to the directly 
affected bay provided the interaction with the surrounding structure is represented by 
suitable boundary conditions (Fig.2.1a). If the remaining columns of the affected bay are 
capable of resisting the redistributed load following column removal, the model can further 
be reduced to the system of the affected floors above the failed column (Fig.2.1b). 
Furthermore, consideration may be given only to a single floor model (Fig.2.1c) when the 
affected floors are identical in terms of structure and loading. Finally, by ignoring planar 
effects within the slab, a simplified grillage system composed of individual bare steel or 
composite beams may be considered (Fig.2.1d). 
 
Whatever the level of structural idealisation, the dynamic effects can be quite accurately 
defined from the nonlinear static response through a simplified energy-equivalence 
approach. The approach is based on the concept that the effect of sudden column loss is 
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very similar to sudden application of the gravity load to the damaged structure. Provided 
the response is dominated by a single deformation mode, the maximum dynamic response 
is obtained when the work done by the gravity load equals the energy absorbed by the 
structure. 
 
The approach is illustrated in Fig.2.2a and Fig.2.2b where, for two levels of suddenly 
applied gravity load ( oP1λ  and oP2λ ), the corresponding maximum dynamic displacements 
( 1,dw  and 2,dw ) are determined from the nonlinear static response based on the equivalence 
between the two hatched areas. By plotting the suddenly applied gravity loading against the 
maximum dynamic displacement, the maximum nonlinear dynamic – i.e. ‘pseudo-static’ – 
response is obtained (Fig.2.1c). Therefore, the maximum dynamic displacement can be 
determined based on the actual gravity load ( oP ) as shown in Fig.2.1c. The simplified 
dynamic approach was verified against results obtained from detailed dynamic finite 
element analyses and exhibited excellent agreement (Vlassis, 2007). 
 
 
Figure 2.2   Simplified dynamic assessment (Izzuddin et al., 2008) 
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2.5 Summary and conclusions 
 
Since the Ronan Point collapse in 1968 when the concept of progressive collapse of 
building structures was first registered, numerous research studies have been conducted to 
explore the problem and indentify methods to minimise its effects. Until recently however, 
the problem had not been comprehensively explored, mainly due to limitations in 
computational mechanics. Therefore, effective practical approaches – i.e. similar to those 
employed in conventional structural design – have not been incorporated yet into design 
codes. In the contrary, most of the current codified design methods – which essentially date 
back to the Ronan Point collapse – adopt prescriptive criteria to enhance structural 
robustness. 
 
Research interest into progressive collapse has been intensified since the World Trade 
Centre collapses in 2001 and recent advancements in structural analysis software made it 
possible to conduct more explicit studies using detailed numerical models, capable of 
representing the basic features of the problem. Therefore, several numerical studies have 
been performed within the past few years which provided some important insights into 
structural robustness and progressive collapse. Each of those studies however, was limited 
by the particular examples considered and, therefore, has made a limited contribution 
towards the development of an improved understanding of the fundamental mechanics of 
the problem on a quantitative basis. 
 
On the other hand, a different method for progressive collapse analysis has been recently 
developed at Imperial College. That method can capture the essential features of the 
problem and its main advantage over the common detailed numerical approaches is that it 
does not require unduly complex analysis. In this regard, the Imperial College approach 
provides the basis needed for the development of a better treatment of the mechanics of 
progressive collapse which is an essential requirement for development of improved design 
methods that will align with conventional approaches to structural design as discussed in 
Section 1.2.1. 
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Chapter 3 
 
Connection modelling for progressive 
collapse analysis 
 
 
3.1 Introduction 
 
Progressive collapse of framed structures involves significant changes in the geometry 
effects which typically result in gross deformations and, therefore, inelastic material 
behaviour of the connections between the main structural members. In this regard, the 
performance of the beam-to-beam and beam-to-column connections and, in particular, their 
ability to transmit the forms of loading generated in progressive collapse without 
exhausting their deformation capacities, is considered as the single most important feature 
of the problem. Therefore, a realistic representation of the connection behaviour under the 
corresponding forms of loading developed during progressive collapse is an essential 
component for the analysis. 
 
The gross deformations of a structural system in progressive collapse may lead to the 
development of significant axial forces in axially restrained beams. These axial forces are 
applied to the beam-to-beam and beam-to-column connections in addition to the bending 
moments and shear forces developed under gravity loading. Therefore, modelling of the 
connection behaviour in progressive collapse requires an accurate representation of the 
relationship between the above loading conditions and the corresponding connection 
deformations. 
 
Several attempts have recently been made to generalise the connection moment-rotation 
(M-Φ) representations to include the additional effects of axial load. The outcomes of those 
studies supplied important insights into the possible influence of the axial load on the 
connection key structural properties – i.e. stiffness and strength. However, most of these 
studies have been based on the assumption that the applied axial load is either constant or 
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varies proportionally to the variation in the connection bending moment. However, the sign 
and magnitude of the beam axial load generated by the arching or catenary actions seen at 
various stages of progressive collapse may vary significantly and, therefore, 
disproportionally to the variation in the connection bending moment. 
 
An improved method for modelling connection behaviour for use in progressive collapse 
analysis is developed in this Chapter. The component method of EN 1993-1-8 (2005) and 
EN 1994-1-1 (2004) is developed for bare steel and composite connections respectively so 
as to incorporate the levels of axial load generated at the various stages of beam response 
following column removal and a series of closed-form expressions covering the full range 
of connection loading and behaviour is derived. These expressions facilitate understanding 
the role of the beam axial load on the connection performance and assist with appreciating 
the physical reasons behind the various forms of response of axially restrained beams in 
progressive collapse. The method is validated against both the limited number of available 
tests and results obtained from detailed numerical analyses. 
 
 
3.2 Review of connection M-Φ modelling allowing for beam axial load 
 
The component method of EN 1993-1-8 (2005) provides a practical approach for the 
analysis of the rather complex behaviour of structural steel connections. The connection is 
simulated with an appropriate mechanical model composed of extensional springs and rigid 
links, representing the various connection components, where each spring is characterised 
by a non-linear force-deformation curve. Depending on the arrangement, properties and 
loading conditions, the internal forces are distributed accordingly among the connection 
components. The connection structural properties (i.e. stiffness and strength) are defined by 
the corresponding properties of the activated connection components based on a simplified 
assembly approach. Supplementary information for modelling of composite connections 
according to the component method is given in EN 1994-1-1 (2004). 
 
The component method is applicable for connection design considering conventional 
loading conditions where the connection is mainly subject to bending and shear. However, 
current safety concerns suggest that a wider range of loading conditions may need to be 
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considered in the design (Simões da Silva, 2008). In particular, the recent growth of 
research interest in the structural behaviour under extreme loading – i.e. frames subjected to 
extreme horizontal loading and axially restrained beams exposed to fire or involved in 
progressive collapse – has shown that the connections may be subject to significant levels 
of axial loads in addition to the bending moments and shear forces. 
 
The component characterisation approach of the Eurocode component method is 
independent of the distribution of the internal forces among the connection components; 
therefore it is applicable for any possible loading condition. On the other hand, since the 
loading conditions influence the distribution of the internal forces among the connection 
components, the assembly approach is affected accordingly. At this point, the component 
method is applicable only when the value of the axial load does not exceed 5% of the axial 
resistance of the supported beam (EN 1993-1-8, 2005). Since this limit can be exceeded 
under certain loading conditions as discussed above, extension of the component method to 
allow for the beam axial load acting in combination with the connection bending moment 
has recently become a topic of considerable interest.  
 
Some of the most important relevant research developments are reviewed next. Although 
previous studies provided significant outcomes regarding the effects of the axial load on the 
connection behaviour, those outcomes are not sufficient to fully appreciate the connection 
performance in progressive collapse. In the majority of analytical, numerical and 
experimental studies that have been conducted thus far, the applied axial load is considered 
as constant or proportional to the connection bending moment. Both assumptions however, 
may not be representative of the sorts of loading conditions typically experienced in 
progressive collapse – where the sign and the magnitude of the beam axial load at the 
various stages of response can vary significantly. In addition, most of these studies focus on 
bare steel connections; however, the corresponding findings may be developed accordingly 
to account for composite action. 
 
By using the component characterisation approach of the component method and a simple 
connection mechanical spring model, Jaspart et al. (1999) developed and used numerical 
models to examine the effects of the axial load on the connection performance. Based on 
the outcomes of that study, Cerfontaine and Jaspart (2002) explored the effects of the 
bending moment-axial load interaction when those two parameters vary proportionally and 
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proposed simplified analytical approaches for prediction of the connection strength and 
initial stiffness under such loading conditions. 
 
Simões da Silva et al. (2000) proposed an analytical method for prediction of the 
connection nonlinear moment-rotation response based on an elastic post-buckling model. 
Simões da Silva and Girão Coelho (2001) extended that method to account for the bending 
moment-axial load interaction and explored the influence of a compressive axial load on the 
initial stiffness and strength of a welded beam-to-column connection comprising of a single 
tensile component. The proposed analytical method, however, may become extremely 
cumbersome for the analysis of bolted connections with multiple bolt-rows in tension. 
 
Wald and Švarc (2001) tested three beam-to-beam and two beam-to-column bare steel 
connections against various compressive axial load-bending moment ratios. Although no 
information was given about the corresponding responses of those connections against pure 
bending, the test results stressed the possible effects of a compressive axial load on the 
connection initial stiffness and strength. In particular, it has been shown that an increase in 
the ratio between the compressive axial load and the bending moment may lead to increases 
in both the connection initial stiffness and strength. 
 
Sokol et al. (2002) proposed an analytical method for modelling the combined action of 
proportionally increasing axial load and bending moment by extending the assembly 
approach of EN 1993-1-8 (2005) and used the test results provided by Wald and Švarc 
(2001) for validation. Although that method is an advance of the Eurocode component 
method, it relies on the simplification of replacing the various activated bolt-rows by an 
equivalent tensile component which may limit its applicability, especially in the presence of 
distinct groups of tensile rows (i.e. extended endplate or composite connections). 
 
Simões da Silva et al. (2001) developed a connection mechanical model applicable for 
combined bending moment and axial load. The model was used for a numerical evaluation 
of the connection response against various levels of constant compressive axial force acting 
in combination with bending moment. The study indicated that the connection moment 
capacity may vary significantly even for relatively low levels of axial load, i.e. less than 
10% of the beam axial resistance (at the time, a 10% limitation was imposed by the 
component method which was revised and reduced to the current limit of 5% afterwards). 
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Some of the main findings of the above study were validated later on by a series of tests 
carried out at the University of Coimbra on two types of major-axis bare steel beam-to-
column connections with flush (Simões da Silva et al., 2004) and extended (Lima et al., 
2004) endplates respectively. The connections have been tested against pure bending and 
bending moment combined with constant levels of compressive and tensile axial loads. The 
moment-rotation curves as well as the bending moment-axial load interaction diagrams 
were obtained from these tests. It has been confirmed that an increase in the compressive 
axial load may lead to an increase in the connection moment capacity as long as the latter is 
not limited by the connection compressive resistance; otherwise, the connection moment 
capacity decreases by increasing the compressive axial load. Similarly, it has been shown 
that an increase in the tensile axial load most likely results in a decrease in the connection 
moment capacity (provided the latter is governed by the tensile resistance). 
 
Urbonas and Daniūnas (2005) derived an analytical method for prediction of the connection 
initial stiffness and moment capacity when subject to the combined action of bending 
moment and constant axial load. Application of the method indicated the possible 
variations in the activated component types (i.e. compressive only, tensile only or both 
compressive and tensile) and the corresponding effects on the connection initial stiffness 
depending on the sign (i.e. compressive or tensile) and the level of the beam axial load as 
compared to the connection bending moment. The method has been verified against 
numerical models and exhibited reasonable agreement (Urbonas and Daniūnas, 2006). 
However, it does not account for the connection post-limit response and its application is 
limited only to the situation when the applied axial load is constant. 
 
Del Savio et al. (2007) proposed a simple approach for prediction of the connection full 
moment-rotation response for any level of constant axial load (compressive or tensile). The 
main limitation in the applicability of that approach is that the resulting moment-rotation 
characteristic is obtained via interpolations between three existing moment-rotation curves 
(obtained from tests or from any other type of analysis) corresponding to pure bending and 
bending moment acting in combination with any levels of tensile and compressive axial 
loads respectively. 
 
Del Savio et al. (2009) proposed a mechanical spring model for bare steel connections and 
developed analytical expressions linking the connection rotation and axial deformation with 
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the applied loading. Based on those developments, an analytical approach for prediction of 
the connection moment-rotation behaviour allowing for any level of constant axial was 
derived. According to that approach, the connection moment-rotation response is 
approximated by a tri-linear curve based on the connection elastic, plastic and ultimate 
stiffness as well as the yield, ultimate and final strength, as defined by the corresponding 
parameters of the individual components. The method has been validated against the results 
of the tests carried out at the University of Coimbra on the extended endplate connections 
(Lima et al., 2004) and exhibited excellent agreement. The basic limitation for application 
of the analytical method however, is the requirement for constant axial load. 
 
The connection mechanical model developed by Del Savio et al. (2009) is described in 
Section 3.3. By using that model, Stylianidis and Nethercot (2009) proposed a simplified 
approach for prediction of the connection elastic stiffness and moment capacity for any 
level of constant axial load based on linear interpolations between various limits of axial 
load levels obtained from changes in the connection activated component types (i.e. 
compressive and/or tensile). The latter approach is further developed in Section 3.4 and an 
analytical method for representation of the connection moment-axial load-rotation (M-N-Φ) 
response, suitable for use in progressive collapse analysis, is derived. 
 
 
3.3 Connection mechanical spring model 
 
The mechanical spring model proposed by Del Savio et al. (2009) is presented in Fig.3.1a 
(II). The model consists of two rigid bars (i.e. Rigid bars 1 and 2) associated with the 
connection tension and compression zones respectively. The tension zone consists of a 
series of springs ( iK ) representing the behaviour of the various bolt-rows. The total tensile 
force is transmitted to the support via a tensile rigid link ( TRK ), positioned at the level of the 
connection equivalent lever-arm ( d ) – which is equivalent to eqz  that is used in the 
component method (EN 1993-1-8, 2005) for calculation of the connection initial rotational 
stiffness. The connection compressive force is transmitted via a compressive rigid link 
( CRK ) to the spring that represents the behaviour of the compressive components ( cK ). 
Both elements are positioned at the level of the connection compressive centre. For 
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simplicity, the latter is located at the centre of compression of the beam compressive flange 
and it is considered as constant. 
 
 
Figure 3.1   Connection modelling. (I) Arrangement; (II) Mechanical model; 
(III) Component forces; (IV) Typical deformation mode 
 
The connection bending moment ( M ) and beam axial load ( N ) are applied at the level of 
the neutral axis of the supported beam, located at a vertical distance z  from the connection 
compressive centre as illustrated in Fig.3.1a (III). A typical deformation mode of the 
mechanical model is depicted in Fig.3.1a (IV). The compressive rigid link acts as centre of 
relative rotation ( 1θ ) between the tensile and compressive rigid bars (i.e. Rigid bars 1 and 2 
respectively). Similarly, the tensile rigid link acts as centre of rotation ( 2θ ) of Rigid bar 2.  
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The corresponding relative rotations ( 1θ  and 2θ ) are associated with deformations of the 
connection tensile and compressive components respectively. An important advantage for 
the analysis of the connection behaviour is that the compression zone consists of a single 
row of components and the deformations of the tensile rows are linearly related to each 
other. The sum of 1θ  and 2θ  corresponds to the total connection rotation ( Φ ). Finally, the 
connection axial deformation (u ) is defined by the displacement of Rigid bar 1 with respect 
to the Support bar at the level of the beam neutral axis as shown in Fig.3.1a (IV). 
 
The connection mechanical spring model of Fig.3.1a can be developed accordingly for 
application to other connection types where additional components are involved. The 
effects of composite action may be quite adequately represented by the corresponding 
model shown in Fig.3.1b. The additional extensional spring ( rK ) included in the tension 
zone represents the tensile behaviour of the connection reinforcement and shear studs. In 
this case, the lever-arm of the tensile rigid link ( TRK ) should be defined by considering the 
additional tensile row as well. Similarly to the bare steel connections, the external loads are 
applied at the neutral axis of the supported composite beam which may be located by 
considering its effective cross-sectional area within the region of hogging bending moment. 
The mechanical model can be further developed in order to account for the shear behaviour 
of the column web in major-axis beam-to-column connections in the presence of axial load. 
This development is presented in the next Section. 
 
In conventional loading conditions, the connections are typically subject to hogging 
bending moments. Following column removal however, the connections may be subject to 
reversal bending moments, in addition to the axial and shear forces. Therefore, the 
mechanical models of Fig.3.1 – which are associated with the situation when the 
connections are subject to hogging bending moments – should be modified accordingly 
when the connections are subject to sagging bending moments. Under sagging bending 
moment, the compressive centre and, therefore, the compressive components of the bare 
steel and composite connections are located at the centre of compression of the beam top 
flange and the effective cross-sectional area of the concrete slab respectively. Subsequently, 
the connection equivalent lever-arm and, therefore, the position of the tensile rigid link are 
defined accordingly, based on the lever-arms of the tensile rows with respect to the 
connection compressive centre. 
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3.4 Analytical representation of the connection M-N-Φ response 
 
The connection mechanical model described in Section 3.3 is adopted herein for 
development of an analytical M-N-Φ model, suitable for representation of the connection 
behaviour in progressive collapse. Based on the connection equilibrium, a set of equations 
representing the relationships between the tensile and compressive component forces with 
the external loading is derived (Section 3.4.1). Therefore, values of the beam axial load 
corresponding to the limits between the different forms of connection behaviour seen in 
progressive collapse are identified (Section 3.4.2). The component force-deformation 
behaviour is simulated by a simplified bi-linear or multi-linear characteristic, which allows 
full representation of the connection behaviour up to failure (Section 3.4.3). Based on the 
set of the connection equilibrium equations, the component force-deformation equations 
and the compatibility equations of the system, closed-form expressions linking the 
connection component deformations with the loading conditions (i.e. axial load and 
bending moment) for the possible forms of behaviour experienced in progressive collapse 
are developed (Section 3.4.4). Finally, the assembly of those expressions provides an 
explicit M-N-Φ relationship (Section 3.4.5). 
 
 
3.4.1 Connection loading 
 
An important step towards obtaining the connection M-N-Φ relationship is to link the 
component forces with the external loading. With respect to the direction of the beam axial 
load shown in Fig.3.1, the tensile axial load is considered as positive and the compressive 
axial load as negative. Accordingly, equilibrium of Rigid bar 1 yields the following 
equations: 
 NzhFM ii −=∑  (3.1) 
 NFR i
C
−=∑  (3.2) 
 
Similarly, the following equations are obtained by equilibrium of Rigid bar 2: 
 
d
hF
R iiT ∑=  (3.3) 
 ∑−+= iCTc FRRF  (3.4) 
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By substituting CR  from Eqn.3.2 and TR  from Eqn.3.3 into Eqn.3.4, the following 
expression is defined: 
 N
d
hF
F iic −=
∑
 (3.5) 
 
The relationship between the connection tensile internal forces and the connection bending 
moment and beam axial load is given in Eqn.3.1. Furthermore, the corresponding 
relationship between the connection compressive internal forces and the connection loading 
is defined by the set of Eqn.3.5 and Eqn.3.1. Accordingly, the support tensile and 
compressive reactions respectively are defined as follows: 
 
d
hF
F iiT ∑=  (3.6) 
 N
d
hF
F iiC −= ∑  (3.7) 
 
Since TF  represents the total tensile force (∑ iF ), the connection equivalent lever-arm 
may be defined based on Eqn.3.6 as follows: 
 
∑
∑
=
i
ii
F
hF
d  (3.8) 
 
 
3.4.2 Connection deformation modes 
 
Depending on the ratio between the applied axial load and bending moment, the connection 
may exhibit different forms of behaviour associated with activation of different component 
types. The different forms of connection behaviour seen at various stages of progressive 
collapse response following column removal are represented by the corresponding 
deformation modes of the mechanical model shown in Fig.3.2. 
 
Mode (II) represents the most typical situation when both the connection tension and 
compression zones are activated. Mode (I) defines the limit between mode (II) and the 
corresponding deformation mode associated with activation of the compressive components 
only. The latter case represents the situation when the connection is subject to a very high 
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level of compressive axial load as compared to the bending moment. Such loading 
condition may govern connection performance in certain cases – e.g. column bases; 
however, it is unlikely to develop in the beam-to-beam and beam-to-column connections 
involved in progressive collapse. The axial load-bending moment (N-M) ratio 
corresponding to limit mode (I) can be defined based on Eqn.3.1 by considering zero tensile 
forces (i.e. 0=∑ iF ), as follows: 
 
( )
1
I
−=





M
Nz
 (3.9) 
 
On the other hand, mode (IV) is associated with the situation when the compressive internal 
force is zero – i.e. no prying action is developed – and, therefore, only the tension zone of 
the connection is activated. In this case, the connection tensile deformations are represented 
by both a rotation ( 1θ ) and an axial extension (e) of Rigid bar 1 as shown in Fig.3.2. Beam-
to-beam and beam-to-column connections may exhibit such form of behaviour within the 
tensile catenary stage of the beam response following column removal.  
 
The limit between modes (II) and (IV) is defined by mode (III) where both the connection 
compressive forces and the connection axial extension are simultaneously equal to zero. 
The N-M ratio corresponding to limit mode (III) can be defined based on Eqn.3.1 and 
Eqn.3.5 for zero connection compressive forces (i.e. 0=cF ) as follows: 
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Figure 3.2   Connection deformation modes 
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According to Eqn.3.9 and Eqn.3.10, the range of the axial load level required for activation 
of both the connection tensile and compressive components is defined as follows: 
 
zd
MN
z
M
−
≤≤−  (3.11) 
 
Provided the connection is subject to a compressive axial load higher than the minimum 
limit defined by Eqn.3.11, the internal tensile forces are zero and the response is associated 
with compressive deformations only. On the other hand, when the connection is subject to a 
tensile axial load higher than the corresponding maximum limit, the internal compressive 
force is zero and the response is associated with tensile deformations only. 
 
 
3.4.3 Connection component characteristics 
 
Progressive collapse involves gross deformations, generating large strains, leading to 
inelastic material behaviour of the connections between the main structural members. In 
this regard, a realistic representation of the performance should account for the connection 
behaviour well beyond the limit state rotations that are typically considered in conventional 
design. In particular, any realistic analysis requires full representation of the connection 
nonlinear response up to failure. The connection nonlinear response associated with 
inelastic material behaviour may be quite adequately simulated by simplified bi-linear 
component characteristics, as shown in Fig.3.3a, or more detailed multi-linear 
characteristics, as shown in Fig.3.3b. For those simplified forms of component 
characteristics, corresponding equations linking the component deformations with the 
component forces are developed herein. 
 
With respect to the simplified bi-linear characteristic shown in Fig.3.3a, the force-
deformation (F-∆) response of a connection component or a series of connection 
components may be approximated as follows: 
 
e
RdRd
K
F
K
FF
+
−
=∆  (3.12) 
 
In the above expression, K  represents the component stiffness or the effective stiffness of a 
series of components which is equal to either eK  (initial stiffness) when the corresponding 
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force ( F ) is less than the component capacity or the minimum capacity of a series of 
components ( RdF ), or pK  (post-limit stiffness) when F  is higher than RdF . The 
component initial stiffness and capacities can be defined according to the component 
method of EN 1993-1-8 (2005) and EN 1994-1-1 (2004), whereas the post-limit stiffness 
may be defined with respect to the initial stiffness (Fig.3.3a) based on appropriate strain 
hardening coefficients ( µ ). 
 
For more detailed characterisation of connection components or series of connection 
components, the corresponding multi-linear characteristic shown in Fig.3.3b may be 
adopted. In this case, the force-deformation relationship is defined as follows: 
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Figure 3.3   Connection component characteristics 
 
The full force-deformation behaviour of the connection components can be modelled by 
using Eqn.3.12 or Eqn.3.13 in a step-by-step consideration, allowing for the change in the 
component stiffness with respect to the variations in the component forces within the 
different stages of the response. The force-deformation characteristics given in Eqn.3.12 
and Eqn.3.13 can be applied directly when the connection is subject to monotonically 
increasing loading. However, Eqn.3.12 and Eqn.3.13 should be modified accordingly when 
the connection components undergo reversal of loading (see Section 4.3).  The connection 
compressive components typically exhibit such form of behaviour within the compressive 
arching stage of the beam response following column removal as described in Chapter 4. 
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3.4.4 Connection component deformations 
 
By considering the various deformation modes of the connection mechanical model 
described in Section 3.4.2 (Fig.3.2), compatibility equations linking the component 
deformations with the relative rotations and extensions of the individual rigid bars are 
derived herein for the tension, compression and shear zones of the connection respectively. 
These compatibility equations are further developed by considering the equilibrium 
equations of Section 3.4.1 and the component force-deformation equations of Section 3.4.3 
and, therefore, explicit relationships between the relative rotations ( iθ ) and the connection 
loading conditions (i.e. M and N) are derived. For the development of those M-N-θi 
relationships, the simplified bi-linear component characteristic of Eqn.3.12 is considered. 
However, corresponding relationships may be obtained in a similar fashion, by considering 
the more detailed multi-linear force-deformation characteristic of Eqn.3.13 instead. 
 
 
3.4.4.1 Tension zone 
 
Based on the deformation modes of the connection mechanical model shown in Fig.3.2, the 
relative rotation of Rigid bar 1 ( 1θ ) may be expressed with respect to the deformation of 
any tensile row ( i∆ ) and the connection axial extension ( e ) as follows: 
 
i
i
h
e−∆
=1θ  (3.14) 
 
According to Eqn.3.12, the force-deformation characteristics of the connection tensile rows 
may be approximated as follows (where each row may consist of a series of tensile 
components): 
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By substituting i∆  from Eqn.3.15 into Eqn.3.14 and multiplying both parts of the resulting 
expression by 2iihK , the following relationship is obtained:  
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By considering the sum of the tensile rows, substituting ∑ iihF from Eqn.3.1 and solving 
for 1θ , Eqn.3.16 is developed as shown next: 
 
1
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1
2
1
1 A
A
e
A
A
A
NzM
−






−
+
=θ  (3.17) 
 
 where: 
 ∑= 21 iihKA  
 ∑∑ −= e
i
i
iRdiiRdi K
KhFhFA
,,2  
 ∑= ii hKA3  
 
Within the elastic stage of the connection response, the part in brackets of Eqn.3.17 is zero 
since 2A  is zero (i.e. when eii KK =  for each tensile row). Furthermore, the last part of 
Eqn.3.17 is zero provided the connection axial extension is zero, i.e. when the connection 
response is associated with any of the deformation modes (I), (II) and (III) shown in 
Fig.3.2. 
 
As noted previously, an axial extension of the connection occurs when the connection 
compressive internal force is zero. In this case, CR  is zero and, therefore, Eqn.3.2 is 
simplified as follows: 
 NFi =∑  (3.18) 
 
By dividing both parts of Eqn.3.16 by ih , considering the sum of the connection tensile 
rows and replacing ∑ iF  by N (Eqn.3.18) in the resulting expression, the following 
relationship is obtained: 
 431 ANAKe i −+−=∑ θ  (3.19) 
 
 where: 
 ∑∑ −= e
i
i
RdiRdi K
K
FFA
,,4  
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The connection axial extension can be expressed with respect to the connection loading 
conditions and component properties by substituting 1θ  from Eqn.3.17 into Eqn.3.19 and 
solving the resulting equation for e , as follows: 
 Ω+Ψ−Χ−= NzMe  (3.20) 
 
 where: 
 
∑ −
=Χ 2
31
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∑ −
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31
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AAAA
i
 
 
When the beam axial load is less than the maximum limit defined by Eqn.3.11, Eqn.3.20 
yields negative values for e . Therefore, Χ, Ψ and Ω should be considered as zero when the 
beam axial load is less than the above limit (i.e. when the beam axial load is less than the 
sum of the connection tensile internal forces). 
 
Finally, by substituting e  from Eqn.3.20 into Eqn.3.17, the following relationship between 
the relative rotation of Rigid bar 1 and the connection loading conditions and properties is 
obtained: 
 
( ) ( ) ( )
1
32
1
3
1
3
1
11
A
AA
A
ANz
A
AM Ω+
−
Ψ+
+
Χ+
=θ  (3.21) 
 
 
3.4.4.2 Compression zone 
 
Provided the connection response is associated with the deformation modes (I) or (II) 
shown in Fig.3.2, the relative rotation of Rigid bar 2 ( 2θ ) is defined based on the 
deformations of the connection compressive components ( c∆ ) and the connection 
equivalent lever-arm ( d ), as shown next: 
 
d
c∆
=2θ  (3.22) 
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The connection compressive behaviour may be approximated based on the simplified bi-
linear force-deformation characteristic given in Eqn3.12, as follows: 
 
e
c
Rdc
c
Rdcc
c K
F
K
FF
,, +
−
=∆  (3.23) 
 
By substituting ∑ iihF  from Eqn.3.1 into Eqn.3.5, the connection compressive force ( cF ) 
is expressed with respect to the connection bending moment and beam axial load. By 
substituting the latter expression for cF  into Eqn.3.23 and the resulting expression for c∆  
into Eqn.3.22, the following relationship between the relative rotation of Rigid bar 2 and 
the connection loading conditions and properties is obtained: 
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 where: 
 
2
1 dKB c=  
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In the above expression, 2B  remains zero as long as the connection compressive 
components behave elastically (i.e. ecc KK = ). 
 
 
3.4.4.3 Shear zone 
 
In the analysis and design of major-axis beam-to-column joints subject to unbalanced 
bending moments, the additional rotation associated with shear deformation of the column 
web should be taken into account. Traditionally, the column web shear panel – i.e. the 
connection component representing the column web shear behaviour – is treated as a short 
column stub subject to shear. The height of that section is typically considered as equal to 
the equivalent lever-arm between the tensile and compressive internal forces of the 
connection (i.e. d  in Fig.3.1).  
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When the connection is subject to pure bending, the shear force applied to the column web 
panel is equal to either the tensile ( TF ) or the compressive ( CF ) internal force (Fig.3.1) 
since those two parameters are equal. Therefore, the connection rotation associated with the 
column web shear deformation can be represented by an additional extensional spring 
located at the level of application of either TF  or CF . In particular, the component method 
of EN 1993-1-8 (2005) proposes the use of an equivalent component in the compression 
zone, representing both the connection compressive and horizontal shear behaviour. 
 
However, the above concept may not be applicable in the presence of significant beam axial 
load due to the unbalance between the connection tensile and compressive internal forces 
(Eqn.3.6 and Eqn.3.7 respectively). In particular, the column web shear force is equal to the 
minimum between the connection tensile and compressive internal forces. Subsequently, 
the column web shear force may be defined by Eqn.3.6 or Eqn.3.7 when the connection is 
subject to a compressive or a tensile axial load respectively. 
 
In this regard, the connection mechanical model of Fig.3.1 is modified as shown in Fig.3.4 
to account for the column web shear behaviour in the presence of beam axial load. As 
shown in Fig.3.4, the connection shear zone is modelled with an extensional spring (i.e. 
wpK ) and an additional rigid bar (i.e. Rigid bar 3). 
 
 
Figure 3.4   Modelling of the column web shear behaviour in the presence of axial load 
 
When the beam axial load is compressive, the column web shear force is equal to the 
connection tensile internal force as discussed above; therefore, the extensional spring is 
located at the level of the connection equivalent lever-arm and the internal compressive 
force is transmitted to the support via an additional compressive rigid link, as shown in 
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Fig.3.4. When the beam axial load is tensile on the other hand, the extensional spring is 
located at connection compressive centre and the sum of the internal tensile forces is 
transmitted to the support via an additional tensile rigid link positioned at the level of the 
equivalent lever-arm. In the latter case however, both the connection compressive and 
horizontal shear behaviour may be represented by a single rigid bar and an equivalent 
spring located at the connection compressive centre, similarly to the corresponding 
approach of EN 1993-1-8 (2005) described previously. It should be noted, however, that 
neither of the above approaches consider the actual centre of rotation of the column web 
shear panel which is normally located at the mid-height of the equivalent lever-arm ( d ). 
 
Regardless of the sign of the beam axial load, the relative rotation of Rigid bar 3 – denoted 
as 3θ  – is defined based on the deformation of the column web shear panel (i.e. wp∆ ) and 
the connection equivalent lever arm ( d ), as follows: 
 
d
wp∆
=3θ  (3.25) 
 
According to Eqn.3.12, the force-deformation characteristic of the column web shear panel 
is given by the following equation: 
 
e
wp
Rdwp
wp
Rdwpwp
wp K
F
K
FF
,, +
−
=∆  (3.26) 
 
As explained previously, the column web shear force is equal to the connection tensile 
( TF ) or compressive ( CF ) internal force – given in Eqn.3.6 and Eqn.3.7 respectively – for 
a compressive or a tensile beam axial load respectively. By substituting ∑ iihF  from 
Eqn.3.1 into Eqn.3.6 and Eqn.3.7, the connection tensile and compressive internal forces 
respectively and, therefore, the corresponding column web shear force ( wpF ) are expressed 
with respect to the connection bending moment and beam axial load. By substituting the 
corresponding expressions for wpF  into Eqn.3.26 and the resulting expressions for wp∆  into 
Eqn.3.25, the following relationship between the relative rotation of Rigid bar 3 and the 
connection loading conditions and properties is obtained: 
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 where: 
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In the above expression, 2C  remains zero as long as the column web shear panel behaves 
elastically (i.e. ewpwp KK = ) and 3C  depends on the sign of the beam axial load. 
 
 
3.4.5 Connection M-N-Φ relationship 
 
The three M-N-θi equations derived in Section 3.4.4 for the connection tension, 
compression and shear zones respectively are assembled herein and an explicit generalised 
M-N-Φ relationship linking the connection total rotation ( Φ ) with the connection loading 
conditions and properties is developed.  
 
The connection rotation is defined by the sum of 1θ , 2θ  and 3θ  as shown next: 
 321 θθθ ++=Φ  (3.28) 
 
Therefore, by substituting the expressions for 1θ , 2θ  and 3θ  from Eqn.3.21, Eqn.3.24 and 
Eqn.3.27 respectively into Eqn.3.28, the following M-N-Φ relationship is obtained: 
 111 γβα −+=Φ NzM  (3.29) 
 
 where: 
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The M-N-Φ model given in Eqn.3.29 can be applied for the prediction of the connection 
full non-linear response for any level of beam axial load acting in combination with the 
connection bending moment. In particular, performance can be most effectively simulated 
by a step-by-step analysis, allowing for the change in the stiffness of the various connection 
components as well as the possible variations in the axial load-bending moment ratio. 
Accordingly, the model of Eqn.3.29 can be used for representation of the connection 
behaviour under the sorts of conditions experienced in progressive collapse. 
 
Besides the connection rotation, another important connection parameter for the analysis of 
the progressive collapse response of axially restrained beams is the connection axial 
deformation. As shown in Fig.3.1 (IV), the connection axial deformation ( u ) is defined by 
the displacement of Rigid bar 1 with respect to the support bar at the level of the beam 
neutral axis; therefore, it is analogous to the connection rotation given in Eqn.3.29. 
 
In contrast with the connection rotation however, the effect of the column web shear 
deformation on the connection axial deformation is practically insignificant since the actual 
centre of rotation of that component is usually close to the beam neutral axis as noted in 
Section 3.4.4.3. Therefore, the connection axial deformation may be approximated simply 
based on the rotations of Rigid bars 1 and 2 and the connection axial extension as follows: 
 ( ) ezdzu +−−= 21 θθ  (3.30) 
 
By substituting 1θ , 2θ  and e  from Eqn.3.21, Eqn.3.24 and Eqn.3.20 respectively into 
Eqn.3.30, the following M-N-u relationship is obtained (which may be used in a similar 
fashion to the M-N-Φ relationship in a progressive collapse analysis): 
 222 γβα −+= NzMu  (3.31) 
 
 where: 
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3.5 Validation of the connection M-N-Φ model 
 
A study is presented in this Section to establish the ability of the simplified model 
developed in Section 3.4 to accurately represent connection performance under combined 
bending moment and axial load. At first, a numerical verification of the model is performed 
in Section 3.5.1 against results obtained from the nonlinear structural analysis program 
ADAPTIC (Izzuddin, 1991). Moreover, the model is validated in Section 3.5.2 against the 
tests conducted at the University of Coimbra described in Section 3.2. 
 
 
3.5.1 Verification against ADAPTIC 
 
The simplified model of Eqn.3.29 is applied herein for prediction of the M-Φ curves of 
three different connection types subject to proportionally increasing hogging bending 
moment and axial load, by considering various ratios between those two parameters. The 
M-Φ curves obtained from those analyses are verified against the corresponding results 
obtained from numerical analyses using the nonlinear structural analysis program 
ADAPTIC (Izzuddin, 1991).  
 
Connection arrangements and modelling 
Three flush endplate connections with the same steel beam and column sections as well as 
endplate arrangements are considered as shown in Fig.3.5. Based on the material properties 
of the connection components shown in Table 3.1, the component structural properties have 
been determined according to the provisions of EN 1993-1-8 (2005) and EN 1994-1-1 
(2004). The response of each row of components is simulated by a simplified bi-linear 
force-deformation curve (Fig.3.2a). In this regard, each row is characterised by the effective 
initial stiffness and the minimum capacity of the corresponding components as shown in 
Table 3.2. For both the minor-axis and major-axis connections, the capacities of the bolt-
rows are governed by the endplate bending resistance. The locations of the tensile rigid 
links shown in Fig.3.5 have been defined based on the lever-arms and properties of the 
connection tensile rows. As shown in Table 3.2, 1% strain hardening is considered for the 
tensile components and the column web shear panel, whereas perfectly plastic post-limit 
behaviour is considered for the compressive components. 
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Figure 3.5   Connection dimensions and properties 
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Table 3.1   Material properties of the connection components 
 
 
Table 3.2   Connection component characteristics 
 
 
 
Figure 3.6   Joint element curves employed in the numerical analysis 
 
The mechanical spring models shown in Fig.3.5 have been incorporated into the ADAPTIC 
analyses. Asymmetric elasto-plastic curve types have been employed for the tensile and 
Chapter 3:   Connection modelling for progressive collapse analysis 
 93 
compressive rows of components as shown in Fig.3.6a and Fig.3.6b respectively, 
characterised by the structural properties of each row shown in Table 3.2. The column web 
shear panel has been modelled by the curve type of Fig.3.6a or Fig.3.6b, depending on the 
sign of the beam axial load (Section 3.4.4.3). Finally, the contact curve types shown in 
Fig.3.6c and Fig.3.6d have been adopted to simulate the behaviour of the tensile and 
compressive rigid links respectively. 
 
Connection loading 
The connections are subject to various ratios of proportional hogging bending moment and 
axial load. Nine axial load-bending moment ratios are considered as illustrated in Fig.3.7, 
covering a wide range between the two extreme limits defined in Eqn.3.11 for activation of 
both the tension and compression zones of the connection. In loading cases 1-4, the beam 
axial load is tensile, loading case 5 corresponds to pure bending, whereas the beam axial 
load is compressive in loading cases 6-9.  As shown in Fig.3.5, the axial load is applied at 
the neutral axis of the bare steel beam section for both the bare steel and composite 
connections. In this regard, the corresponding Nz-M ratios are equal for both connection 
types as shown in Fig.3.7. 
 
 
Figure 3.7   Connection axial load-bending moment ratios 
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Connection moment-rotation curves 
The connection moment-rotation curves for the various axial load-bending moment ratios 
obtained from both methods of analysis are presented in Fig.3.8-Fig.3.10. It is shown that 
agreement between the results of the two analysis methods is excellent. Therefore, it is 
confirmed that the simplified model is capable of representing the axial load effects on 
connection performance.  
 
As the Nz-M ratio decreases, the connection tensile forces decrease (Eqn.3.1) and, 
therefore, the connection compressive forces increase; consequently, the connection 
moment capacity increases as long as it is not governed by the compressive resistance. 
Provided the connection moment capacity is governed by the compressive resistance 
however, it decreases as the Nz-M ratio decreases. For the specific examples considered 
herein, the moment-rotation responses become perfectly plastic after yielding of the 
connection compressive components. For the bare steel arrangements (Fig.3.8 and Fig.3.9), 
the connection compressive resistance governs the connection moment capacity only in 
loading case 9, whereas for the composite arrangement (Fig.3.10), the connection moment 
capacity is limited by the compressive resistance in loading cases 6-9. Similarly, a decrease 
in Nz/M leads to an increase in the connection initial stiffness, unless the latter is governed 
by the initial stiffness of the compressive components. 
 
 
Figure 3.8   Moment-rotation curves of the bare steel minor-axis connection 
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Figure 3.9   Moment-rotation curves of the bare steel major-axis connection 
 
 
Figure 3.10   Moment-rotation curves of the composite connection 
 
For the three connections considered herein, the moment-axial deformation curves have 
also been defined using Eqn.3.31 and have been compared with the corresponding 
ADAPTIC predictions. Similarly to the moment-rotation curves, agreement between the 
predictions of the two analysis methods was excellent. However, since the connection axial 
deformations are directly related to the connection rotations, those curves are not presented 
herein but they can be found elsewhere (Stylianidis and Nethercot, 2010). 
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3.5.2 Validation against experimental results 
 
As discussed in Section 3.2, an experimental program has been carried out at the University 
of Coimbra to study the effects of axial load acting in combination with bending moment 
on the response of beam-to-column connections. The results obtained from the major-axis 
flush endplate connection tests (Simões da Silva et al., 2004) are used herein to validate the 
simplified model developed in Section 3.4. 
 
The connection arrangement is depicted in Figure 3.11 and the component material 
properties are shown in Table 3.3. The connection was tested against pure bending as well 
as bending moment combined with various levels of constant compressive and tensile axial 
loads. For each test, the axial load was applied first and maintained constant while a 
hogging bending moment was subsequently applied and gradually increased up to failure. 
 
 
Figure 3.11   Connection arrangement and mechanical spring model 
 
 
Table 3.3   Material properties of the connection components (Simões da Silva et al., 2004) 
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The mechanical spring model employed in the current study to simulate the connection 
behaviour is also presented in Fig.3.11. The connection component stiffness and capacities 
have been defined according to the component method of EN 1993-1-8 (2005) based on the 
material properties given in Table 3.3. The response of each row of components is 
simulated by a multi-linear force-deformation curve (Fig.3.3b) as shown in Fig.3.12 that 
accounts for successive changes in stiffness following yielding of the various components. 
In particular, 1% strain hardening is considered for each individual connection component. 
 
 
Figure 3.12   Component characteristics employed in the simplified model analysis 
 
The connection M-Φ curves obtained from the analysis (Eqn.3.29) are compared with the 
corresponding test results in Fig.3.13. These are associated with pure bending (Fig.3.13a) 
as well as bending moment combined with different levels of compressive (Fig.3.13b-
Fig.3.13d) and tensile (Fig.3.13e and Fig.3.13f) axial loads. It is confirmed that the 
analytical predictions are quite reasonable as compared with the test results. However, the 
connection initial stiffness is distinctly overestimated regardless of the level and sign of the 
axial load. Since the connection initial stiffness largely depends on the initial stiffness of 
the individual components (Fig.3.12), it is shown that the latter may be considerably 
overestimated by the component method of EN 1993-1-8 (2005). 
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Figure 3.13   Connection moment-rotation curves obtained from the test and the analysis 
with the simplified model 
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Nevertheless, the analytical results shown in Fig.3.13 assist with understanding the physical 
reasons behind the different forms of connection behaviour for the various levels of applied 
axial load. In particular, it is confirmed that the effects of the connection tensile resistance 
on performance decrease as the compressive axial load increases and the compressive 
resistance becomes more important. The opposite occurs when the level of the tensile axial 
load increases. Furthermore, it is shown that prior to entering the stage of the response 
associated with activation of both the tensile and compressive components (i.e. mode II in 
Fig.3.2), the connection exhibits different initial rotational stiffness. As shown in Fig.3.13b-
Fig.3.13d, the initial rotational stiffness is higher prior to activation of the tensile 
components (i.e. prior to mode II), whereas as shown in Fig.3.13e and Fig.3.13f, the initial 
rotational stiffness is lower prior to activation of the compressive components (mode IV). 
 
 
3.6 Summary and conclusions 
 
For the development of an improved understanding of the mechanics of progressive 
collapse, a suitable representation of the connection performance – which is arguably the 
single most important feature of the problem – is required. In this Chapter, an appropriate 
connection mechanical spring model developed in previous studies was adopted and an 
explicit method for modelling connection behaviour in progressive collapse has been 
derived and carefully validated against results obtained from both detailed numerical 
analyses and experimental studies. 
 
The model is capable of representing the effects of the axial load-bending moment 
interaction on the connection behaviour and provides several advantages over 
corresponding models developed in previous studies. In a step-by-step consideration (i.e. 
using spreadsheets), variations in the applied axial load and successive changes in the 
connection rotational stiffness due to yielding of the connection components can be 
explicitly accounted for and, therefore, a realistic representation of the connection moment-
rotation elastic and inelastic response up to failure can be obtained. Consequently, the 
model can provide realistic representations of the behaviour of connections under the sorts 
of conditions experienced during progressive collapse and, therefore, it can facilitate 
quantitative study and understanding of the mechanics of the problem. 
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Chapter 4 
 
Representation of beam nonlinear static response 
following column removal 
 
 
4.1 Introduction 
 
As noted in Section 2.4, the Imperial College assessment framework (Izzuddin et al., 2008) 
reduces considerably the computational effort required for the analysis of building 
structures suffering sudden column loss by introducing two simplified approaches. The 
simplified multi-level approach allows model reduction and, depending on the regularity of 
the building in terms of structure and loading, consideration may be given only to the 
behaviour of the directly affected grillage system which can be assembled from the 
responses of the corresponding beams. Furthermore, dynamic effects are defined directly 
from the nonlinear static response at any level of structural idealisation based on a 
simplified energy-equivalence approach which eliminates the need for detailed dynamic 
analysis. In this regard, the computational analysis may be limited only to the prediction of 
the nonlinear static responses of the individual beams. 
 
While the beam nonlinear static response following column removal can most accurately be 
represented by detailed numerical models, simplified ‘hand calculation’ approaches, which 
typically provide significant advantages in terms of simplicity, may also be employed 
provided they are capable of capturing the essential features of performance – i.e. gross 
deformations, material and geometric nonlinearity as well as development of compressive 
arching and tensile catenary actions in the presence of axial restraint. Since those features 
are largely associated with the behaviour of connections, a suitable representation of the 
latter is an essential component for the development of a realistic approach.  
 
Based on the connection simplified model developed in Chapter 3, an analytical method for 
prediction of the beam nonlinear static response following column removal is derived in 
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this Chapter and it is carefully verified against results obtained from detailed numerical 
analyses. The method applies to both bare steel and composite beams with or without axial 
restraint and, by applying simple simplifications, it may also be applicable to other 
structural systems such as cantilever beams. 
 
 
4.2 Beam structural model 
 
The double-span condition developed by two adjacent beams as a result of intermediate 
column loss is illustrated in Fig.4.1a. Following column removal, the beams undergo very 
large deflections, leading to gross deformations of the connections which are typically 
stressed well beyond their limit capacities. In addition to the flexural deformations, the 
system is subject to significant axial deformations and, provided the beams are axially 
restrained by the adjacent structural components, an axial load develops in the system. 
 
 
Figure 4.1   Representation of beam response following column loss 
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Provided the system is symmetric with respect to the centreline of the removed column, the 
two beams exhibit identical responses and, therefore, consideration may be given only to 
half of the system; consequently, the behaviour may be simulated by the structural model 
shown in Fig.4.1b. The model accounts for the beam flexural and axial behaviour and the 
connection response as well as the effects of axial restraint. In this study, consideration is 
mainly given to the connection behaviour and, therefore, the beam section and axial support 
are considered as elastic. In this regard, some effects that may influence performance of the 
system such as yielding, local buckling and out-of-plane deformation of the beam are 
ignored. 
 
 
4.3 Analytical representation of beam performance 
 
Based on the structural model presented in Section 4.2, an explicit relationship between the 
beam gravity load and deflection (q-w), representing the nonlinear static response following 
column loss (Fig.4.1c), is derived in this Section. At first, the stiffness method is employed 
to express the connection bending moments with respect to the beam loading and the 
dimensions and properties of the system (Section 4.3.1). Subsequently, a relationship 
between the beam axial and gravity loads is obtained based on the equilibrium of the 
system (Section 4.3.2). Finally, by solving the set of the above equations and the 
compatibility equation of the system (Section 4.3.3), an explicit expression linking the 
beam deflection with the beam gravity load is derived (Section 4.3.4). 
 
 
4.3.1 Connection bending moments 
 
For a realistic representation of performance, the connection bending moments should be 
defined by considering the beam flexural behaviour. The stiffness of composite beams is 
different in the regions of hogging ( hL ) and sagging ( sL ) bending moments respectively. In 
particular, within the regions of hogging bending moments, the beam stiffness (EI, EA) is 
typically reduced to the corresponding cracked stiffness (EI', EA') which excludes the 
concrete slab. In this regard, the model of Fig.4.1b may be slightly modified as shown in 
Fig.4.2 to account for the change in the stiffness at the point of inflexion. 
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Figure 4.2   Representation of non-uniform stiffness in composite beams  
 
For the above structural system, the connection bending moments can be determined by 
employing the stiffness method. The nodal forces corresponding to the element loads of the 
equivalent clamped structure are defined in Fig.4.3 and the basic displacement modes of the 
system are shown in Fig.4.4. 
 
 
Figure 4.3   Nodal forces of the clamped structure 
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Figure 4.4   Displacement modes of the released structure 
 
The total nodal forces of each section (i.e. reactions) are defined by the sum of the nodal 
forces caused by the deformations of the released structure and the equivalent nodal forces 
of the clamped structure as follows: 
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An exact prediction of the point of inflexion can be rather complex, especially since it may 
vary significantly with respect to variations in the connection bending moments and beam 
axial load. Nevertheless, unless that point is located very close to either of the connections, 
its exact location along the beam length has limited influence on the beam bending 
moments. In this regard, a constant point of inflexion is considered at the mid-span of the 
beam (i.e. 2LLL sh == ) and, therefore, the following equations are obtained for the total 
nodal forces of each section respectively: 
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In order to incorporate the effects of the beam axial load into the above expressions, the 
equilibrium equations of the two beam sections, as shown in Fig.4.5, are considered as 
follows: 
 




 Ζ−−−+=
228
'
00
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The parameter Z represents the vertical distance between the neutral axes of the beam 
cross-sectional areas located within the regions of hogging and sagging bending moments 
respectively. Most usually, the concrete slab at the mid-span of the beam is subject to 
compression. In this regard, the parameter Z has been introduced into Eqn.4.7 (i.e. 
associated with the hogging region) instead of Eqn.4.8. 
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Figure 4.5   Equilibrium of the system 
 
By substituting 'M  and 0M  from Eqn.4.1 and Eqn.4.2 respectively into Eqn.4.7 as well as 
M  and 0M  from Eqn.4.5 and Eqn.4.4 respectively into Eqn.4.8 and solving each of the 
resulting equations for 0Q , the following expressions are obtained respectively: 
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As compared to Eqn.4.3 and Eqn.4.6 respectively, the additional components included in 
Eqn.4.9 and Eqn.4.10 represent the effects of the beam axial load. 
 
The shear force at the mid-span of the beam (i.e. nominal point of inflection) is constant 
and it is defined as follows: 
 
2
0 qLQ =  (4.11) 
 
By substituting the above expression into Eqn.4.9 and Eqn.4.10 and solving the set of the 
resulting equations for 0Φ  and 0w , the following expressions are obtained: 
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The above expressions for 0Φ  and 0w  can be substituted into Eqn.4.1 and Eqn.4.5 to 
obtain the following equations: 
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Based on Eqn.3.29 (Chapter 3), the moment-axial load-rotation relationships of the support 
and mid-span connections are defined as follows:  
 '''''' 111 γβα −+=Φ NzM  (4.16) 
 111 γβα −+=Φ NzM  (4.17) 
 
By substituting 'Φ  and Φ  from Eqn.4.16 and Eqn.4.17 into Eqn.4.14 and Eqn.4.15 and 
solving the set of the resulting equations for 'M  and M , the connection bending moments 
are expressed with respect to the beam deflection, the beam gravity load, the beam axial 
load and the dimensions and properties of the system as shown next: 
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4.3.2 Beam axial load 
 
The overall equilibrium of the system (Fig.4.5) yields the following equation: 
 ( ) MwNqLM −Ζ−−=
2
'
2
 (4.20) 
 
By substituting the connection bending moments from Eqn.4.18 and Eqn.4.19 respectively 
into Eqn.4.20, the beam axial load is expressed with respect to the beam gravity load, the 
beam deflection and the dimensions and properties of the system as shown next: 
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 µµµ += '3   
 ννν += '3   
 
 
4.3.3 Component axial deformations 
 
The axial deformation of the system – i.e. defined along the beam neutral axis – can be 
estimated based on a second-order approximation (Fig.4.6), as follows (Izzuddin, 2005): 
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Figure 4.6   Second-order approximation of the beam axial deformation 
 
By expanding cos(θ) as a power series (
2
1
2θ
−≈ ), Eqn.4.22 is developed as shown next: 
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The axial deformation of the system may consist of the following component deformations:  
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• Based on Eqn.3.31 (Chapter 3), the moment-axial load-axial deformation 
relationships of the support and mid-span connections are defined as follows: 
 '''''' 222 γβα −+= NzMu  (4.25) 
 222 γβα −+= NzMu  (4.26) 
 
• The axial deformations of the beam and the axial support can be obtained by the 
following equation: 
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In the above expression, aK  is the effective axial stiffness of those components and 
it can be defined as follows: 
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• The last parameter shown in Eqn.4.24 (i.e. b∆ ) represents the beam axial 
deformation due to bending. The axial deformation of the system should be defined 
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with respect to a specific axis in the direction of the beam. The level of that axis 
defines whether beam bending leads to additional axial deformation of the system 
( b∆ ). When that axis coincides with the beam neutral axis throughout the whole 
beam length, b∆  is zero. In composite beams however, the level of the beam neutral 
axis is not constant; therefore, the effects of beam bending on the axial deformation 
of the system – albeit they are normally rather limited – may be taken into account. 
 
Provided the axial deformation of the system is defined along the hogging neutral 
axis of the beam, the axial deformation within the sagging region due to beam 
bending may be considered. In particular, the axial deformation within the sagging 
region at a vertical distance Z (Fig.4.5) from the hogging neutral axis is required. 
The beam bending moment diagram (Fig.4.7) is defined by the following equation: 
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The hatched area of the bending moment diagram shown in Fig.4.7 is calculated by 
integrating the above expression as follows:  
 ∫=
sL
x
T dxMM
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Figure 4.7   Evaluation of the beam axial deformation due to bending 
Progressive collapse response of steel and composite buildings 
 112 
By dividing that area over the length of the sagging region, a uniform bending 
moment is defined as shown in Fig.4.7. Therefore, the total deformation within that 
region at a vertical distance Z from the hogging neutral axis due to beam bending 
can be approximated as follows: 
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By substituting TM  from Eqn.4.30 into Eqn.4.31, the following expression for b∆  
is obtained: 
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4.3.4 Nonlinear static load-deflection relationship 
 
The component axial deformations defined by Eqn.4.25-Eqn.4.27 and Eqn.4.32 can be 
substituted into Eqn.4.24. Subsequently, by substituting the expressions for M', M and N 
from Eqn.4.18, Eqn.4.19 and Eqn.4.21 respectively into the resulting equation, the 
following relationship between the beam gravity load and the beam deflection (q-w) is 
obtained: 
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where: 
aK
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The beam nonlinear static response following column loss may be explicitly modelled 
based on Eqn.4.33. Furthermore, the component forces and deformations may also be 
obtained from the corresponding equations developed in this Section and in Section 3.4. 
The set of those equations can be incorporated into a spreadsheet analysis format and the 
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performance can be simulated based on a step-by-step consideration by gradually 
increasing the beam deflection up to failure. In this regard, the variation in the beam axial 
load as well as successive changes in the connection component stiffness or reversal of 
loading in some connection components can be explicitly captured. 
 
The axial restraint can be eliminated by introducing a very small value for the support axial 
stiffness ( sK ) in Eqn.4.28. Moreover, a cantilever system may be modelled by significantly 
decreasing both the support axial stiffness and the rotational stiffness of the mid-span 
connection. Finally, bare steel systems can be modelled by ignoring composite action and 
considering a uniform stiffness throughout the beam length. 
 
 
4.4 Numerical verification of the analytical method 
 
The analytical method developed in Section 4.3 is verified in this Section against detailed 
numerical models using the nonlinear structural analysis program ADAPTIC (Izzuddin, 
1991). Various arrangements are considered including both axially restrained and 
unrestrained bare steel and composite beam systems. The current study essentially follows 
the verification study of Section 3.5.1 since the examples considered herein employ the 
connection arrangements as well as the column and beam sections adopted in that study, 
presented in Fig.3.5. 
 
 
4.4.1 Beam arrangements and modelling 
 
The bare steel and composite minor-axis and the bare steel major-axis flush endplate 
connections with 10mm endplate thickness shown in Fig.3.5 as well as corresponding 
arrangements with different endplate thicknesses (i.e. 8mm, 12mm and 14mm respectively) 
are employed in this study. Based on the material properties given in Table 3.1, the stiffness 
and capacities of the bare steel components of the various connection arrangements have 
been defined according to EN 1993-1-8 (2005) and they are presented in Table 4.1. 
Similarly to the study of Section 3.5.1, the behaviour of each row of components is 
simulated by simplified bi-linear characteristics. The post-limit behaviour of the tensile 
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rows is characterised by 1% strain hardening, whereas the compressive rows exhibit 
perfectly plastic post-limit behaviour. In this study, the column web shear panel in major-
axis connections is considered as rigid (i.e. stiffened). 
 
 
Table 4.1   Bare steel connection component characteristics 
 
In addition, suitable values for the connection rotation capacities have been defined and the 
corresponding deformation capacities of the critical bolt-rows – i.e. the most remote bolt-
rows from the corresponding compressive centres – are presented in Table 4.2. In 
particular, the endplate bending (epb) capacity is considered to be exhausted when the 
connection rotation associated with deformation of the tensile components equals 100 times 
the corresponding yield rotation. On the other hand, failure of the bolts in tension (bt) 
occurs when their tensile capacity is exhausted. As shown in Table 4.2, the bolt capacity is 
critical for endplate thicknesses equal to 12mm and 14mm. Furthermore, the deformation 
capacities of the major-axis connections are higher as compared to the minor-axis 
connections due to their lower stiffness. 
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Table 4.2   Deformation capacities of the bare steel connection components 
 
Besides the composite connection with 10mm endplate thickness and 4 reinforcement bars 
shown in Fig.3.5c, corresponding arrangements with different rebar numbers (i.e. 2, 6 and 
8) are considered in this study. The initial stiffness and capacities of those components are 
shown in Table 4.3. In addition, their deformation capacities – i.e. as defined based on the 
model proposed by Anderson et al. (2000) – are also presented. The highlighted values of 
reinforcement deformation capacity shown in Table 4.3 correspond to the combinations 
considered herein. 
 
 
Table 4.3   Connection reinforcement characteristics and deformation capacities 
 
Most of the beam systems employed in this study have 6m span; however, corresponding 
specific arrangements with different spans (i.e. 4m, 8m and 10m) are also considered. The 
degree of axial restraint is defined based on the effective axial stiffness of the beam system 
on the opposite side of the support joint which is considered as identical to the system 
under consideration. The effective axial stiffness may be different in tension and 
compression due to the different compressive and tensile stiffness of the connection on the 
opposite side of the support joint. Furthermore, full shear connection is considered between 
the steel section and the concrete slab in the composite arrangements and the effective 
breadth of the concrete slab is defined according to the provisions of EN 1994-1-1 (2004). 
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Typical simulations of the finite element models employed in the ADAPTIC numerical 
analyses are presented in Fig.4.8. The connections are modelled as described in Section 
3.5.1 and cubic elasto-plastic beam-column elements (Izzuddin, 1991) are used to model 
the steel beam section and the concrete slab. The two boundary springs represent the axial 
stiffness of the adjacent beam and connection respectively. 
 
 
Figure 4.8   Finite element beam system models 
 
 
4.4.2 Load-deflection curves 
 
The nonlinear static responses of the various beam system arrangements described in 
Section 4.4.1 have been obtained from the analytical method developed in Section 4.3 and 
from corresponding numerical analyses using the nonlinear structural program ADAPTIC 
(Izzuddin, 1991). The load-deflection curves obtained from the two methods of analysis are 
compared in Fig.4.9-Fig.4.16. The responses of bare steel beam systems are presented in 
Fig.4.9-Fig.4.12, whereas the responses of composite beam arrangements are presented in 
Fig.4.13-Fig.4.16. Specifications for each arrangement are given in the corresponding 
figures. 
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It is confirmed that agreement between the results obtained from the two analysis methods 
is excellent. In particular, both the load-deflection curves and the ultimate capacities of the 
systems – i.e. corresponding to the specified failure criteria – are predicted with excellent 
accuracy by the analytical method as compared to the numerical results. Minor 
discrepancies in the load-deflection curves are observed in some cases only at very large 
beam deflections (i.e. typically well beyond failure). These discrepancies largely represent 
the nonlinear behaviour of the beam elements in the vicinity of the connections due to very 
high tensile forces developed at large beam deflections – i.e. as a result of strain hardening, 
the connection tensile forces increase significantly and, therefore, the beam capacity is 
exhausted. These effects however, are captured only by the numerical models. 
 
Furthermore, several key-points of the nonlinear static responses of the various beam 
systems – defined by the analytical method – are included in the load-deflection curves. 
These represent abrupt changes in stiffness due to yielding of specific connection 
components or changes in the connection deformation modes – i.e. transition from mode II 
to mode IV (Fig.3.2) which is associated with the beginning of the tensile catenary stage – 
or changes in the sign of the beam axial load. 
 
In addition, the critical components for each system – as defined by both methods of 
analysis – are specified in the figures. As shown in Fig.4.9-Fig.4.12, the deformation 
capacity of the top bolt-row of the support connection (i.e. Br1') governs the ultimate 
capacity of bare steel beams except from the axially unrestrained system with 14mm 
connection endplate thickness which fails due to excessive deformations of the connection 
compressive flanges. On the other hand, the deformation capacity of the bottom bolt-row of 
the mid-span connection (i.e. Br4) most usually governs the ultimate capacity of the 
composite beams, whereas the rebar deformation capacity may also be critical in certain 
cases as shown in Fig.4.13-Fig.4.16. 
 
The corresponding component forces and deformations (i.e. connection rotations, 
connection bending moments and beam axial load) of the various arrangements obtained 
from both methods of analysis are compared in Appendix A. As shown in Fig.A.1-Fig.A.2, 
agreement between the results of the two methods is excellent and, therefore, it is 
established that the analytical method developed in Section 4.3 is able to represent the 
essential features of beam performance. 
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Figure 4.9   Static responses of axially restrained bare steel beams with minor-axis 
connections and various endplate thicknesses 
 
 
Figure 4.10   Static responses of axially unrestrained bare steel beams with minor-axis 
connections and various endplate thicknesses 
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Figure 4.11   Static responses of axially restrained bare steel beams with major-axis 
connections and various endplate thicknesses 
 
 
Figure 4.12   Static responses of axially restrained bare steel beams with minor-axis 
connections and various spans 
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Figure 4.13   Static responses of axially restrained composite beams with various endplate 
thicknesses 
 
 
Figure 4.14   Static responses of axially unrestrained composite beams with various 
endplate thicknesses 
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Figure 4.15   Static responses of axially restrained composite beams with various rebar 
numbers 
 
 
Figure 4.16   Static responses of axially restrained composite beams with various spans 
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Although the mechanics of beam behaviour following column removal are extensively 
explored in the following Chapters, some general conclusions may be developed from the 
results of the current study. It is shown that an increase in the connection endplate thickness 
enhances beam performance and, most usually, leads to an increase in the ultimate capacity 
of the system. By comparing the responses of axially restrained and corresponding 
unrestrained systems, it is confirmed that the behaviour of the axially restrained 
arrangements may be enhanced considerably by compressive arching and tensile catenary 
actions. Furthermore, by comparing the responses of the corresponding axially restrained 
bare steel systems with minor- and major-axis connections respectively, it is shown that the 
lower stiffness of the major-axis connections leads to a slight decrease in the beam 
capacity. Finally, a decrease in the beam span results in a significant increase in the 
capacity of the system. 
 
In this Section, some of the beam system arrangements employed in the verification study 
of the analytical method of Section 4.3 are presented. The responses of several other beam 
arrangements including different beam sections and grades as well as different connection 
arrangements have also been examined and they have as well exhibited excellent agreement 
with corresponding numerical results. Some of those results may be found elsewhere 
(Stylianidis et al., 2009; Nethercot et al., 2011). 
 
 
4.5 Summary and conclusions 
 
An analytical method for prediction of the beam nonlinear static response following column 
removal has been developed in this Chapter. The method is able to capture the basic 
features of the problem by incorporating the explicit mathematical equations of the 
connection behaviour under combined loading derived in Chapter 3 into an extended slope-
deflection model which accounts for the interplay between the connection and beam 
structural parameters at the various stages of the response. 
 
The analytical method applies to both bare steel and composite beams and it is able to 
represent performance of various structural systems such as axially restrained, axially 
unrestrained and cantilever beams. A verification study was performed to examine the 
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ability of the method to provide accurate predictions of the responses of such structural 
systems following column loss. The responses of several axially restrained and unrestrained 
bare steel and composite beam arrangements have been defined by using both the analytical 
method and corresponding detailed numerical models. The beam load-deflection curves 
(Section 4.4.2) as well as the component forces and deformations (Appendix A) have been 
obtained from each analysis. For each beam arrangement, the results of the two analysis 
methods exhibited excellent agreement. 
 
By incorporating the analytical method into the Imperial College framework, the 
computational part of the analysis is further simplified. In particular, the progressive 
collapse response of full building structures or substantial substructures can be evaluated 
without the need for numerical structural analysis using computer software. Therefore, 
rapid quantitative examination of different alternative arrangements is facilitated which is 
essential for studying and understanding the essential mechanics of the problem. 
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Chapter 5 
 
Study of the mechanics of axially restrained beams 
with rigid connection compressive behaviour 
 
 
5.1 Introduction 
 
As discussed in Chapter 2, the methods for design against progressive collapse that can be 
found in current national codes and standards are represented by either simple prescriptive 
rules or detailed performance-based approaches that lack the simplicity needed for routine 
use in practice. However, as the topic has come to the fore due to several recent recordings 
of unfortunate progressive collapse incidents, so the need for rather more practical design 
approaches similar to those used for conventional structural design has become more 
important. 
 
An essential step towards developing such practical approaches for design against 
progressive collapse is the scientific understanding of the mechanics of the problem. By 
considering the alternative load path concept of sudden column loss as a design scenario 
and the simplified dynamic and multi-level approaches of the Imperial College method 
described in Chapter 2 as a basis for the analysis, understanding the dynamic behaviour of 
the affected structural system following sudden column removal first requires 
understanding of the corresponding static behaviour of the individual members. 
 
Among the affected structural members, the axially restrained beams exhibit the most 
complex behaviour due to the combined actions of connection bending moments and beam 
axial load generated in progressive collapse. In order to obtain an understanding of the 
behaviour of these members, the interplay between the various structural parameters should 
be assessed on a quantitative basis. This is facilitated considerably by the connection 
modelling for combined bending moment and axial load and the analytical method for 
prediction of the beam static response developed in Chapters 3 and 4 respectively. 
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The analytical method developed in Chapter 4 has been applied in a series of parametric 
studies of the response of axially restrained beams subject to column removal. It has been 
established that, provided the axial behaviour of the beam and the supports is elastic, the 
beam response is simplified when the connection compressive behaviour is rigid. Although 
the connection compressive parameters (i.e. stiffness and capacity) may influence 
performance considerably, understanding the fundamental mechanics of the response of 
axially restrained beams is greatly facilitated when these effects are ignored. In this regard, 
the response of axially restrained beams with rigid connection compressive behaviour is 
explored in this Chapter. 
 
By considering rigid beam flexural response at first, a series of simplified models is 
developed, which permit isolation of each of the remaining structural parameters that 
influence performance and quantitative assessment of their effects. In addition, these 
simplified models facilitate understanding of the interplay between the various structural 
parameters and assist with identifying the most effective parameters in enhancing 
performance. Next, the simplified models are extended accordingly and the influence of the 
beam flexural stiffness on the response is examined. The study continues in Chapter 6, 
where the effects of finite connection compressive stiffness and capacities are explored and, 
therefore, a complete understanding of the basic mechanics of the behaviour of axially 
restrained beams in progressive collapse is obtained. 
 
 
5.2 Modified structural model of axially restrained beams 
 
The structural system used in Chapter 4 for the development of the analytical method for 
prediction of the beam static response following column removal is slightly modified herein 
so as to facilitate understanding of the rather complex effects of axial restraint on 
performance. Within the compressive stage, the compressive forces are applied at the 
centres of compression of the support and mid-span connections respectively of the double-
span beam as shown in Fig.5.1. Therefore a compressive axial load develops along the 
diagonals, between the compressive centres of the connections. Accordingly, the beam 
response within the compressive arching stage may be represented by the corresponding 
structural system shown in Fig.5.1.  
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Figure 5.1   Representation of compressive arching behaviour 
 
The basic advantage of this structural system is that the axial deformations within the 
compressive stage are solely associated with the compressive components (connection 
compressive components, beam and support) and are independent of the connection 
rotations associated with deformations of the tensile components. Therefore, a direct 
relationship between the effective compressive stiffness of the system and the beam axial 
load developed within the compressive stage may be defined. 
 
Similarly to the analytical model developed in Chapter 4, the beam axial deformation of the 
system shown in Fig.5.1 can be estimated with respect to the beam deflection based on the 
second-order approximation of Fig.5.2. Due to the initial eccentricity – associated with the 
vertical distance between the connection compressive centres ( D ), which is comparable 
with the beam depth ( bD ) – the diagonal distance between the two centres of compression 
is considered as equal to the beam span as shown in Fig.5.2b, for consistency with the 
analytical method developed in Chapter 4. Otherwise, the beam deflection would be 
fractionally overestimated as compared with the predictions of the analytical method as 
indicated in Fig.5.2a. 
 
By considering the compressive axial deformation as negative, the axial deformation of the 
system is defined based on Fig.5.2b as follows: 
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By expanding cos(x) as a power series (
2
1
2x
−≈ ), Eqn.5.1 is developed as shown next: 
 
( )
L
wDwa
2
2 −
−=∆  (5.2) 
 
The above expression represents half the total axial deformation of the system shown in 
Fig.5.1 which may consist of axial deformations of the beam and the support, as well as 
flexural deformation of the beam and connection compressive deformation in the 
compressive stage or connection axial extension (which is measured at the level of the 
connection centre of compression as defined in Chapter 3) in the tensile stage. 
 
It is confirmed by Eqn.5.2 that the axial deformation of the system is zero at Dw 2=  and 
positive for Dw 2> , as shown in Fig.5.2b. Furthermore, Eqn.5.2 confirms that the 
maximum compressive axial deformation corresponds to the situation when the beam 
deflection equals the vertical distance between the connection compressive centres (i.e. 
Dw = ), as shown in Fig.5.2b, and it is defined as follows: 
 
L
DCa
2
2
,
max =∆  (5.3) 
 
It can be established that the compressive axial deformation increases by decreasing the 
beam span-to-depth ratio. However, an increase in the beam depth is found to be more 
effective in increasing the compressive axial deformation than a decrease in the beam span. 
 
 
Figure 5.2   Evaluation of the beam axial deformation with respect to the beam deflection 
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5.3 Basic features of the behaviour of axially restrained beams 
 
Based on the structural system of Fig.5.1 and by considering rigid connection compressive 
behaviour and infinite beam flexural stiffness, the response of axially restrained beams 
following column removal is explored in this Section. The structural system of Fig.5.1 may 
be simplified as shown in Fig.5.3, where the extensional spring represents the effective 
axial stiffness of the system ( aK ), consisting of the beam axial stiffness ( LEA ) and the 
axial stiffness of the support ( sK ): 
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Figure 5.3   Axially restrained beam with infinite flexural stiffness 
 
Provided the connection compressive deformations and the beam flexural deformation are 
zero, the axial deformation of the system is associated only with axial deformations of the 
beam and the support and/or connection axial extensions ( e ). By considering that the axial 
extensions of the two connections are equal, the axial deformation of the system is defined 
as follows: 
 e
K
N
a
a 2+=∆  (5.5) 
 
Connection axial extensions develop within the tensile catenary stage, at relatively high 
beam deflections. As long as the connection axial extensions are zero, the beam axial 
deformation is solely associated with axial deformations of the beam and the support. 
Therefore, the beam axial load is directly related to the axial deformation of the system and 
it is defined based on Eqn.5.2 and Eqn.5.5 as shown next: 
 
( )
L
wDwKN
a
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2 −
−=  (5.6) 
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Similarly to the maximum compressive axial deformation, the maximum compressive axial 
load corresponds to Dw 2=  and it is defined as follows: 
 
L
DKN
a
C
2
2
max =  (5.7) 
 
It is confirmed that, provided the connection axial extensions are zero, the beam axial load 
depends on the beam span-to-depth ratio (similarly to the axial deformation of the system) 
and the effective axial stiffness of the system ( aK ). 
 
Prior to the tensile catenary stage, the response of axially restrained beams is governed by 
the combined actions of the beam axial load (compressive or tensile) and the connection 
bending moments. In order to facilitate understanding of the effects of the beam axial load 
on the response, the effects of the connection bending moments are initially ignored; 
therefore, the axially restrained system shown in Fig.5.3 is considered as rotationally 
released ( 0' == jj SS ) and its behaviour is explored in Section 5.3.1. The additional effects 
of the connection bending moments developed in the corresponding rotationally restrained 
beams are explored in Section 5.3.2. 
 
 
5.3.1 Axially restrained simply supported beams 
 
By considering zero connection tensile stiffness, the connection rotational stiffness and, 
therefore, the connection bending moments are zero. Provided the beam is axially 
restrained, it is able to support the gravity loading through development of compressive 
arching action. Since the connection tensile stiffness is zero, the connection tensile forces 
are zero and the connection compressive forces are equal to the beam compressive axial 
load. The behaviour of this system is illustrated in Fig.5.4. The axial deformation of the 
system and the beam axial load, as defined by Eqn.5.2 and Eqn.5.6 respectively, are plotted 
against the beam deflection in Fig.5.4a and Fig.5.4b. These are compared with the 
corresponding predictions of the analytical method of Chapter 4. For consistency, the 
assumptions of elastic effective axial stiffness ( aK ), rigid connection compressive 
behaviour, infinite beam flexural stiffness and zero connection tensile stiffness have been 
taken into account in the analysis with the analytical method. 
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As confirmed by Fig.5.4a and Fig.5.4b, the beam compressive axial load is directly related 
to the compressive axial deformation of the system. At Dw 2= , the sign of the axial 
deformation of the system changes. In the subsequent stage, the connection compressive 
forces are zero and, in the absence of connection tensile forces, the beam axial load is zero. 
Consequently, the axial deformations of the beam and the support are zero and the axial 
deformation of the system is associated only with connection axial extensions (Eqn.5.5); 
however, this effect is illustrated only by the prediction of the analytical method. The 
simplified approach on the other hand, does not directly take into account the change in the 
behaviour of the system in the tensile stage because it is based on the assumption that the 
connection axial extensions are zero. 
 
 
Figure 5.4   Response of axially restrained simply supported beams with infinite flexural 
stiffness and rigid connection compressive behaviour 
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Since the connection rotational stiffness is zero, the total potential energy of the system 
shown in Fig.5.3 is defined as follows: 
 ( )
22
1 2 wqLKV aa −∆=  (5.8) 
 
The equilibrium path (load-deflection curve) is obtained when the first derivative of the 
total potential energy is equal to zero. By substituting a∆  from Eqn.5.2, differentiating the 
resulting expression and solving for q , the static load-deflection response is obtained as 
follows: 
 ( )3223 32 wDwwDL
Kq
a
+−=  (5.9) 
 
As shown in Fig.5.4c, the above expression represents a snap-through response, 
characterised by two limit points. In particular, the maximum limit point is defined by the 
following capacity and corresponding deflection respectively (the subscript ‘C’ denotes that 
the corresponding parameters are associated with compressive arching action): 
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It is shown that the static capacity within the compressive stage depends on the effective 
axial stiffness of the system and, most importantly, on the beam span-to-depth ratio. 
Furthermore, at Dw =  (corresponding to the maximum compressive deformation of the 
system and the maximum compressive axial load) and Dw 2=  (associated with the change 
in the sign of the beam axial load) the beam static capacity is zero. 
 
According to the energy-equivalence concept of the Imperial College method, the 
corresponding dynamic load-deflection response can be defined by integrating Eqn.5.9 and 
dividing by w : 
 ( )3223 25.0 wDwwDL
Kq
a
d +−=  (5.12) 
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Similarly to the static response, the pseudo-static response exhibits two limit points as 
shown in Fig.5.4d. The minimum pseudo-static capacity is zero and corresponds to 
Dw 2= . On the other hand, the maximum pseudo-static capacity and the corresponding 
deflection are defined as follows: 
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Similarly to the static capacity, the dynamic capacity within the compressive stage depends 
on the effective axial stiffness of the system and, most importantly, on the beam span-to-
depth ratio. The maximum pseudo-static capacity (Eqn.5.13) is lower than the maximum 
static capacity (Eqn.5.10) and it corresponds to a higher beam deflection (Eqn.5.14 and 
Eqn.5.11). Furthermore, the absorbed energy of the system within the initial phase of the 
compressive stage (i.e. Dw <<0 ) is equal to the released energy within the subsequent 
phase of the compressive stage (i.e. DwD 2<< ); therefore, the pseudo-static capacity is 
zero at Dw 2=  (Fig.5.4d). As shown in Fig.5.4c, the system is unable to support any 
vertical loading within the tensile stage when the beam axial load is zero (analytical 
method). In this case, the absorbed energy and the corresponding pseudo-static capacity 
remain zero for Dw 2> . 
 
 
5.3.2 Axially and rotationally restrained beams 
 
The simplified model representing the compressive arching behaviour of axially restrained 
simply supported beams developed in Section 5.3.1 is extended herein and the additional 
flexural effects, associated with the connection bending moments, on the response of the 
corresponding rotationally restrained beams are explored. In order to simplify the study, the 
tensile responses of the support and mid-span connections, as subjected to hogging and 
sagging bending moments respectively, are considered as identical (in terms of stiffness 
and capacities). In addition, the connection moment-rotation characteristics are considered 
as bi-linear, exhibiting a distinct limit point. Regarding the connection mechanical spring 
model of Chapter 3, the latter simplification may be implemented by replacing the various 
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individual tensile rows by an equivalent tensile component positioned at the equivalent 
lever-arm ( d ). 
 
As noted previously, the initial stage of the response of axially and rotationally restrained 
beams is governed by the beam axial load (compressive or tensile) acting in combination 
with the connection bending moments. In the subsequent stage however, the flexural effects 
are very limited and the response is mainly governed by tensile catenary effects. These two 
stages of the response are explored individually in this Section. The basic features of the 
initial stage of the response, governed by the interplay between the connection bending 
moments and the beam axial load, are explored in Section 5.3.2.1, whereas the 
corresponding features of the tensile catenary action are studied in Section 5.3.2.2. 
 
 
5.3.2.1 Interplay between axial and flexural effects 
 
With regard to the behaviour of axially restrained simply supported beams prior to the 
tensile catenary stage studied in Section 5.3.1, the additional effects of the connection 
bending moments on the corresponding response of rotationally restrained beams are 
explored herein. Since the progressive collapse response of buildings is mainly associated 
with the post-limit behaviour of the connection tensile components, the connection elastic 
tensile behaviour is ignored and the following simplified connection moment-rotation 
characteristic is adopted as shown in Fig.5.5a:  
 1, θpjRdjj SaMM +=  (5.15) 
 
In the above expression, the parameter a  depends on the connection elastic and post-limit 
rotational stiffness ( ejS  and pjS  respectively) and it is defined as follows: 
 
e
j
p
j
S
S
a −= 1  (5.16) 
 
The connection elastic and post-limit rotational stiffness shown in Eqn.5.15 and Eqn.5.16 
are associated only with the elastic and post-limit stiffness of the connection tensile 
components. 
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Accordingly, jM  and RdjM ,  are associated only with the connection tensile forces ( TF ) 
and capacities ( TRdF ); therefore, they are respectively defined as follows: 
 dFM Tj =  (5.17) 
 dFM TRdRdj =,  (5.18) 
 
 
Figure 5.5   Representation of the connection post-limit tensile behaviour  
 
Since the beam flexural behaviour is considered as rigid, the rotations of the support and 
mid-span connections are equal and they are directly related to the beam deflection. 
Therefore, the connection rotations associated with deformations of the tensile components 
( 1θ ) are defined by the following equation: 
 21 θθ −= L
w
 (5.19) 
 
However, provided the connection compressive components are rigid, the connection 
rotations associated with deformations of the compressive components ( 2θ ) are zero and 1θ  
represents the total rotation of each connection (i.e. Lw /1 ==Φ θ ). By substituting 1θ  into 
Eqn.5.15 and by considering Eqn.5.17 and Eqn.5.18, the following relationship between the 
connection tensile forces and the beam deflection is obtained (Fig.5.5b): 
 
Tp
eq
T
Rd
T kaFF ∆+=  (5.20) 
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In the above expression, peqk   represents the connection post-limit tensile stiffness and it is 
defined as follows (EN 1993-1-8, 2005):  
 
2dSk pj
p
eq =  (5.21) 
 
Furthermore, T∆  represents the connection tensile deformation at the level of d : 
 LwdT =∆  (5.22) 
 
According to Chapter 3, the connection compressive forces are defined as follows: 
 NFF TC −=  (5.23) 
 
In addition, the connection bending moments are defined by the following equation: 
 NzdFM T −=  (5.24) 
 
According to Chapter 4, the equilibrium equation of the beam system is defined as follows: 
 ( )NwM
L
q += 222  (5.25) 
 
By substituting the corresponding parameters from Eqn.5.6, Eqn.5.18, Eqn.5.20 and 
Eqn.5.24 into Eqn.5.25, the beam static response associated with the connection post-limit 
tensile behaviour is obtained as follows: 
 ( )322332 , 3244 wDwwDL
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The corresponding pseudo-static response can be defined based on Eqn.5.26 in a similar 
fashion to Eqn.5.12, as described in Section 5.3.1: 
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The first components of Eqn.5.26 and Eqn.5.27 represent the yield capacity of the beam 
system, associated with the sum of the connection moment capacities and the beam span. It 
is shown that this parameter is equal for both responses: 
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The second components of Eqn.5.26 and Eqn.5.27 represent the connection post-limit 
tensile behaviour. This parameter corresponds to a linear response and, therefore, the 
corresponding pseudo-static capacity is half the static capacity. The sums of the first and 
second components of Eqn.5.26 and Eqn.5.27 represent the load-deflection static and 
pseudo-static responses of the corresponding axially unrestrained system. The effects of 
axial restraint are represented by the third components of Eqn.5.26 and Eqn.5.27 which are 
identical to Eqn.5.9 and Eqn.5.12 respectively. 
 
The behaviour of axially restrained beams, as defined by the above simplified approach, is 
illustrated in Fig.5.6. The axial deformation of the system, as defined by Eqn.5.2, is plotted 
against the beam deflection in Fig.5.6a. Moreover, the connection tensile and compressive 
forces and the beam axial load, as defined by Eqn.5.20, Eqn.5.23 and Eqn.5.6 respectively, 
are plotted against the beam deflection in Fig.5.6b. Finally the beam static and pseudo-
static responses, as defined by Eqn.5.26 and Eqn.5.27 respectively, are shown in Fig.5.6c 
and Fig.5.6d. These are compared with the corresponding predictions of the analytical 
method of Chapter 4. The latter analysis has been based on the assumptions described 
above (i.e. infinite beam flexural stiffness, rigid connection compressive behaviour, 
simultaneous yielding of all the bolt rows and same effective axial stiffness in both tension 
and compression). It is confirmed by Fig.5.6 that, prior to the tensile catenary stage, the 
post-limit behaviour of axially restrained beams is represented with excellent accuracy by 
the simplified approach, as compared with the analytical method of Chapter 4. 
 
For the example shown in Fig.5.6, the connection tensile capacities are equal to 40% of the 
beam maximum compressive axial load given in Eqn.5.7 (thus, CTRd NF max4.0= ) as shown in 
Fig.5.6b. Furthermore, the connection equivalent lever-arms are equal to 75% of the 
vertical distance between the connection compressive centres (thus, Dd 75.0= ). In 
addition, the connection elastic tensile stiffness is substantially higher than the connection 
post-limit tensile stiffness; therefore, 1≈a  (Eqn.5.16). Based on the above parameters, the 
yield capacity of the beam, as defined by Eqn.5.28 (based on Eqn.5.18), is approximately 
equal to 336.0 LDK a  as shown in Fig.5.6c and Fig.5.6d. Finally, the connection tensile 
post-limit stiffness is equal to 8% of the effective axial stiffness of the system (thus, 
ap
j KdS 08.0
2
= ). 
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Figure 5.6   Response of axially and rotationally restrained beams with infinite flexural 
stiffness and rigid connection compressive behaviour 
 
It is confirmed that the response of axially and rotationally restrained beams consists of the 
following stages (Izzuddin et al., 2008):  
- The elastic stage which is defined by the connection moment capacities and initial 
stiffness (represented only by the analytical results in Fig.5.6). 
- The compressive arching stage which is governed by the beam compressive axial 
load acting in combination with the connection bending moments. 
- The transient tensile stage which is governed by the beam tensile axial load acting 
in combination with the connection bending moments. 
- The tensile catenary stage which is governed by the beam tensile axial load 
(represented only by the analytical results in Fig.5.6). 
Chapter 5:   Study of the mechanics of axially restrained beams with rigid connection compressive behaviour 
 139 
In the first three stages, the effects of the connection moment-rotation characteristics are 
identical to the corresponding effects on axially unrestrained beams. These effects are 
represented by the first and second components of Eqn.5.26 and Eqn.5.27. Therefore, by 
increasing the connection strength ( RdjM , ) and/or the connection post-limit stiffness ( pjS ) 
and/or by decreasing the beam span ( L ), both the responses of axially restrained and 
axially unrestrained beams are enhanced accordingly (Fig.5.6c and Fig.5.6d). However, 
performance is most effectively enhanced by a decrease in the beam span, whereas the 
effects of the connection post-limit stiffness on increasing beam capacity increase as the 
connection rotation capacities increase. The additional effects of the beam axial load on the 
first three stages of the response of axially restrained beams are discussed next.  
 
Elastic stage 
Provided the connection compressive stiffness and the beam flexural stiffness are infinite, 
the initial stiffness of the system is solely associated with the connection initial tensile 
stiffness; therefore, provided the latter is relatively high, the system exhibits a rather stiff 
initial response as shown in Fig.5.6. In real structures however, the connection initial 
stiffness is not infinite and, in particular, it is typically distinctly lower than the 
corresponding predictions of the Eurocode component method as noted in Section 3.5.2 
(i.e. based on the results of Fig.3.13). The effects of the connection initial tensile stiffness 
on performance are highlighted in Fig.5.7 where the static and pseudo-static responses of 
the corresponding system with the same connection tensile capacities and post-limit 
stiffness but substantially lower connection initial tensile stiffness are presented. The 
connection yield rotation of the system shown in Fig.5.6 is approximately equal to 
0.75mrad, whereas the corresponding connection rotation of the system shown in Fig.5.7 is 
equal to 9mrad. 
 
By decreasing the connection initial tensile stiffness, the parameter a  decreases (Eqn.5.16) 
and the yield capacity of the beam decreases accordingly (Eqn.5.28). However, as shown in 
Fig.5.7, the decrease in the yield capacity of the beam is rather inconsiderable (as compared 
with the corresponding response shown in Fig.5.6).  
 
As discussed in Chapter 3, an application of a compressive axial load may lead to increases 
in the connection moment capacity and initial stiffness. This is confirmed by comparing the 
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initial responses of the axially restrained and unrestrained systems shown in Fig.5.7a 
(analytical method). Although an increase in the connection initial stiffness and moment 
capacity may have significant effects on structural performance in normal loading 
conditions (which is usually associated with the connection elastic behaviour), its practical 
significance in progressive collapse response (which is mainly associated with the 
connection post-limit behaviour) is inconsiderable. 
 
Most importantly, a decrease in the initial stiffness of the system results in a decrease in the 
absorbed energy within the initial stage of the response; therefore, the corresponding 
pseudo-static capacity decreases accordingly. This essentially leads to a decrease in the 
maximum pseudo-static compressive arching capacity in the presence of axial restraint or a 
decrease in the capacity within the initial stage of the response of axially unrestrained 
systems as shown in Fig.5.7b. Therefore, unless the connection ductility is relatively high, 
the effects of flexible initial behaviour on the pseudo-static capacity may be important. 
 
 
Figure 5.7   Effects of the connection initial tensile stiffness on overall performance 
 
Compressive arching stage 
The compressive arching effects on the static and pseudo-static responses may be defined 
based on the corresponding responses of the rotationally unrestrained system shown in 
Fig.5.4c and Fig.5.4d respectively. Accordingly, the maximum static and pseudo-static 
capacities within the compressive stage (i.e. 0q  and 0dq  respectively) are largely defined by 
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the sums of the corresponding yield capacities ( yq  and ydq ) given in Eqn.5.28 and the 
maximum static ( 0Cq ) and pseudo-static ( 0,Cdq ) compressive arching capacities respectively 
given in Eqn.5.10 and Eqn.5.13. 
 
It should be noted however, that the maximum static ( 0q ) and pseudo-static ( 0dq ) capacities 
and the corresponding deflections increase as the post-limit stiffness of the system 
increases. The effects of an increase in the connection post-limit rotational stiffness on the 
maximum capacities and corresponding deflections are illustrated in Fig.5.8a and Fig.5.8b 
respectively. The influence of the connection post-limit stiffness increases as the 
compressive arching effects decrease (thus, as the effective axial stiffness and/or the beam 
depth decrease) as shown in Fig.5.8. In particular, for substantially high connection post-
limit rotational stiffness and/or low effective axial stiffness and/or beam depth, the response 
may not exhibit maximum and minimum limit points but only a point of inflexion.   
 
Provided the system is sufficiently axially restrained and the beam span-to-depth ratio is 
not substantially low however, the increase in the maximum static and pseudo-static 
capacities due to strain hardening is likely to be limited for many practical arrangements. In 
this regard, the compressive arching behaviour may be essentially defined based on the 
corresponding maximum compressive arching capacities given in Eqn.5.10 and Eqn.5.13. 
 
 
Figure 5.8   Effects of the connection post-limit tensile behaviour on the compressive 
arching response 
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Transient tensile stage 
In the response of axially restrained simply supported beams (Section 5.3.1), there is a 
direct transition from the compressive arching stage to the tensile catenary stage. In the 
response of rotationally restrained beams however, the compressive arching stage is 
followed by the intermediate transient tensile stage as shown in Fig.5.6. Within this stage, 
although the beam axial load is tensile, the connection compressive components are 
subjected to compression due to the imbalance between the connection tensile forces and 
the beam tensile axial load. As shown in Fig.5.6b, the rate of increase in the beam tensile 
axial load is very high within this stage, whereas the connection tensile forces may increase 
only due to strain hardening. Therefore, the connection compressive forces and the 
connection bending moments decrease according to Eqn.5.23 and Eqn.5.24 respectively. At 
the beam deflection associated with the situation when the beam axial load equals the 
connection tensile forces, the connection compressive forces are zero (Fig5.6b) and the 
response within the subsequent stage is mainly governed by tensile effects (tensile catenary 
stage), associated with connection axial extensions (Fig.5.6a – analytical method). 
 
As shown in Fig.5.6c, the rate of increase in the beam static capacity within the transient 
tensile stage is very high. Although the corresponding rate of increase in the pseudo-static 
capacity is lower (Fig.5.6d), enhancing performance within this stage is very effective in 
increasing the beam capacity, provided the connections exhibit sufficient ductility. 
Similarly, an increase in the connection rotation capacities would be very effective in 
increasing the beam capacity at this stage of the response. 
 
As shown in Fig.5.6b, the response within the transient tensile stage depends on the 
interplay between the connection tensile forces and the beam axial load. As noted above, by 
enhancing the flexural effects (e.g. by increasing the connection tensile capacities and/or 
the connection post-limit tensile stiffness), the response within both the compressive 
arching stage and the transient tensile stage is enhanced accordingly. In addition, the beam 
deflection associated with the situation when the beam axial load equals the connection 
tensile forces increases as can be defined by Fig.5.6b. On the other hand, a decrease in the 
effective axial stiffness leads to a decrease in the beam axial load and, therefore, a decrease 
in the beam capacity within both the compressive arching and the transient tensile stages. In 
the example shown in Fig.5.6, the effective axial stiffness is considered as equal for both 
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compressive and tensile axial loads. However, the effective compressive and tensile axial 
stiffness may be different in practice.  
 
For the given example, the effects of a change in the effective axial stiffness due to a 
change in the sign of the beam axial load are illustrated in Fig.5.9. The response of the 
system shown in Fig.5.6 is compared with the responses of the corresponding systems 
associated with various levels of relative decreases in the tensile effective axial stiffness 
(defined as TaK ,  in Fig.5.9). As shown in Fig.5.9, by decreasing the tensile effective axial 
stiffness, the beam tensile axial load and the corresponding beam capacity decrease 
accordingly. Moreover, the beam deflection associated with the situation when the beam 
axial load equals the connection tensile forces increases exponentially. For zero tensile 
effective axial stiffness, the behaviour of the system after the compressive arching stage is 
identical to the behaviour of the corresponding axially unrestrained system. Similarly, when 
the compressive effective axial stiffness decreases as compared to the tensile effective axial 
stiffness, the beam compressive axial load and the corresponding beam capacity decrease 
accordingly as indicated by the dotted curves in Fig.5.9. Therefore, when the compressive 
effective axial stiffness is zero, the system exhibits an axially unrestrained behaviour in the 
initial (nominally compressive) stage, followed by a transient tensile response in the 
subsequent tensile stage. 
 
 
Figure 5.9   Effects of the tensile effective axial stiffness on the transient tensile response 
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5.3.2.2 Tensile catenary action 
 
As defined in Section 5.3.2.1, the tensile catenary action is associated with the situation 
when the connection compressive forces are zero and the beam tensile axial load is equal to 
the connection tensile forces. In this regard, the tensile catenary response is studied herein 
based on the behaviour of the corresponding axially restrained beams with zero connection 
compressive stiffness. Provided the connection compressive stiffness is zero, the 
connection compressive forces are zero and the connection tensile forces are equal to the 
beam axial load. Therefore, the beam axial load is tensile and the response is similar to the 
tensile catenary response of axially restrained beams with rigid connection compressive 
behaviour. 
 
Since the connection compressive stiffness is zero, the axial deformation of the system is 
influenced by the connection compressive deformations ( C∆ ). Provided the connection 
compressive deformations are considered as positive, Eqn.5.5 is modified as shown next: 
 e
K
N C
a
a 22 +∆−=∆  (5.29) 
 
By substituting a∆  from Eqn.5.2, the above equation is developed as follows: 
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+=−∆  (5.30) 
 
The connection tensile deformations are influenced by the connection compressive 
deformations and the connection axial extensions; accordingly, Eqn.5.22 is modified as 
shown next: 
 ( )eLwd CT −∆−=∆  (5.31) 
 
By substituting ( eC −∆ ) from Eqn.5.30 into Eqn.5.31 and the resulting expression for T∆  
into Eqn.5.20 (i.e. ignoring the connection elastic tensile behaviour) and by considering that 
the connection tensile forces ( TF ) are equal to the beam axial load ( N ), the latter two 
parameters are defined by the following equation: 
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In the above expression, peqK  represents the post-limit tensile effective axial stiffness of the 
system, consisting of the tensile effective axial stiffness of the beam and the support 
(Eqn.5.4) and the post-limit tensile stiffness of the connections (Eqn.5.21): 
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The connection tensile forces and the beam axial load given in Eqn.5.32 are associated with 
the connection post-limit tensile behaviour; therefore, the connection tensile capacities are 
reduced by the parameter β , which is defined as follows: 
 
e
eq
p
eq
K
K
−= 1β  (5.34) 
 
The corresponding elastic tensile effective axial stiffness ( eeqK ) shown in Eqn.5.34 is 
defined in a similar fashion to peqK  by considering 
e
jS  instead of 
p
jS  in Eqn.5.21. 
 
The above simplified approach is based on the assumption of constant connection 
equivalent lever arms ( d ). Provided the various connection tensile components are 
represented by a single equivalent component, d  is constant as long as the connection axial 
extensions are zero. An increase in the connection axial extension however, leads to a 
decrease in the connection equivalent lever-arm. This results in a decrease in the part in 
brackets in Eqn.5.32 and an increase in peqK  (Eqn.5.33). The latter usually governs and, 
therefore, the beam tensile axial load increases. However, the corresponding influence on 
performance is rather limited and it may become considerable only at very high beam 
deflections, associated with rather large connection axial extensions. 
 
The connection bending moments depend on the eccentricities between the connection 
tensile forces and the beam axial load (Eqn.5.24) as shown next: 
 ( )NzdM −=  (5.35) 
 
Based on the above parameters, the static response is obtained by Eqn.5.25 as follows: 
 ( )[ ]wzd
L
Nq +−= 22 2  (5.36) 
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For 0=w , the theoretical yield capacity of the system is defined by the following equation: 
 
( )
2
4
L
Fzd
q
T
Rdy β−
=  (5.37) 
 
Finally, the corresponding pseudo-static response may be defined based on the static 
response in a similar fashion to Eqn.5.27. 
 
According to Eqn.5.36, the beam static and, therefore, the beam pseudo-static responses 
depend on the beam tensile axial load (Eqn.5.32) and the beam span. Performance is most 
effectively enhanced by decreasing the beam span. However, by increasing the beam tensile 
axial load, the beam static and pseudo-static responses are enhanced accordingly. As shown 
in Eqn.5.32, the beam axial load depends on the connection tensile capacities ( TRdF ), the 
post-limit effective axial stiffness of the system ( peqK ) and the eccentricities between the 
beam axial load and the connection tensile forces. 
 
Provided the connection post-limit tensile behaviour is perfectly plastic, the post-limit 
tensile effective axial stiffness is zero and, therefore, the beam tensile axial load is constant 
and equal to the connection tensile capacities (Eqn.5.32). Accordingly, the beam static and 
pseudo-static responses depend only on the connection tensile capacities and the beam 
span. Therefore, the beam static and pseudo-static capacities increase linearly as the beam 
deflection increases (Eqn.5.36). In this regard, by increasing the connection rotation 
capacities, the beam ultimate capacity increases accordingly. 
 
When the post-limit tensile effective axial stiffness ( peqK ) is not zero however, the beam 
tensile axial load (Eqn.5.32) and, therefore, the beam capacity increase exponentially with 
respect to the increase in the beam deflection. In this regard, an increase in the post-limit 
tensile effective axial stiffness of the system is found to be more effective in enhancing 
performance than an increase in the connection tensile capacities. The effective axial 
stiffness ( aK ) of the beam and the support is normally distinctly higher than the connection 
post-limit tensile stiffness ( peqk ); therefore, peqK  increases more effectively by increasing the 
connection post-limit tensile stiffness rather than by increasing the effective axial stiffness 
of the beam and the support (Eqn.5.33). Clearly, an increase in the connection rotation 
Chapter 5:   Study of the mechanics of axially restrained beams with rigid connection compressive behaviour 
 147 
capacities is even more effective in increasing the beam capacity when the connection post-
limit tensile behaviour is characterised by hardening. 
 
As defined by the above simplified approach, the tensile catenary response of the system 
shown in Fig.5.6 is illustrated in Fig.5.10. The component axial deformations defined by 
Eqn.5.29 and Eqn.5.30 are shown in Fig.5.10a. Moreover, the beam axial load and the 
connection tensile forces defined by Eqn.5.32 are shown in Fig.5.10b. Finally, the static 
and pseudo-static responses are shown in Fig.5.10c and Fig.5.10d respectively. The 
corresponding predictions of the analytical method of Chapter 4 are also presented. The 
dotted curves shown in Fig.5.10b, Fig.5.10c and Fig.5.10d represent the analytical 
predictions for the corresponding system with rigid connection compressive behaviour 
presented in Fig.5.6. It is confirmed that the simplified approach represents the post-limit 
response with excellent accuracy as compared with the analytical method. However, the 
elastic stage is rather extended because it is governed by significant connection 
compressive deformations prior to yielding of the tensile components.  
 
Since the connection rotations are governed by compressive deformations within the elastic 
stage of the response, the sum of the connection compressive deformations ( C∆2 ) is higher 
than the compressive deformation of the system ( a∆ ) as shown in Fig.5.10a. Consequently, 
the axial deformations of the beam and the support and, therefore, the beam axial load are 
tensile as shown in Fig.5.10a and Fig.5.10b respectively. The connection compressive 
deformations however, influence the connection tensile rotations as defined by Eqn.5.31. 
Therefore, the connection tensile deformations and the connection tensile forces within the 
post-limit stage and prior to the tensile catenary stage decrease accordingly as compared 
with the corresponding system with rigid connection compressive behaviour (Fig.5.10b). 
 
When the axial deformations of the beam and the support equal the total axial deformation 
of the system (Fig.5.10a), the connection compressive deformations equal zero. In the 
subsequent stage, the sum of the tensile axial deformations of the beam and the support is 
less than the total tensile deformation of the system. In this regard, the right-hand side of 
Eqn.5.30 is negative and, therefore, the connection compressive deformations are replaced 
by connection axial extensions. This is illustrated in Fig.5.10a by the change in the sign of 
the axial deformation defined by Eqn.5.30. 
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As shown in Fig.5.10, the tensile catenary response of the system with rigid connection 
compressive behaviour (dotted curves) is identical to the corresponding response of the 
system with zero connection compressive stiffness. Therefore, it is confirmed that the 
response within the tensile catenary stage may be represented by the simplified approach 
derived above. In addition, it is shown that the tensile catenary behaviour of axially 
restrained beams depends on the interplay between the structural parameters defined by 
Eqn.5.32 and Eqn.5.36. In summary, the tensile catenary effects are enhanced by 
decreasing the beam span and/or by increasing the connection tensile capacities and/or by 
increasing the connection post-limit tensile stiffness. Accordingly, the beam capacity within 
the tensile catenary stage increases by increasing the connection rotation capacities. 
  
 
Figure 5.10   Tensile catenary behaviour of axially restrained beams 
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5.4 Effects of the beam flexural stiffness 
 
By considering uniform flexural stiffness along the beam span, the effects of the beam 
flexural behaviour on the response of axially restrained beams are explored in this Section. 
Since the beam flexural deformation is zero only along the beam neutral axis, the beam 
bending deformation influences the axial deformation of the system shown in Fig.5.1.  
 
As shown in Fig.5.11, the compressive stresses developed between the connection 
compressive centres due to beam bending may be defined by the following equation:  
 
I
yM xx
xy =,σ  (5.38) 
 
The total compressive deformation is determined by integrating Exy,σ  as follows: 
 dxyM
EI x
L
xb ∫=∆
0
1
 (5.39) 
 
The bending moment diagram ( xM ) depends on the boundary conditions, whereas the 
vertical distance from the neutral axis is defined by the following equation (Fig.5.11): 
 
2
D
L
Dxy x −=  (5.40) 
 
 
Figure 5.11   Beam compressive axial deformation due to bending 
 
The beam bending effects on the response of axially restrained simply supported beams are 
explored in Section 5.4.1 and the additional effects of the interplay between the beam 
flexural stiffness and the connection moment-rotation characteristics are examined in 
Section 5.4.2.  
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5.4.1 Axially restrained simply supported beams 
 
The flexural deformation of axially restrained simply supported beams is associated only 
with the beam axial load. The bending moments at the remote ends of the beam are defined 
by the beam axial load and the lever-arms ( z ) between the beam neutral axis and the 
compressive centres. As shown in Fig.5.11, 2Dz = ; therefore, the bending moment 
diagram is defined by the following equation: 
 
L
NDxNDM x −= 2
 (5.41) 
 
By substituting Eqn.5.41 and Eqn.5.40 into Eqn.5.39, the equivalent axial deformation 
associated with the beam flexural deformation is defined as follows: 
 
EI
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As confirmed by Eqn.5.42, the axial deformation due to beam bending depends directly on 
the beam axial load; therefore, performance may be represented by the structural system 
shown in Fig.5.12, where the beam flexural effects are simulated by the following 
equivalent axial stiffness: 
 
LD
EIK EI 2
12
=  (5.43) 
 
 
Figure 5.12   Representation of beam bending effects by an equivalent axial component 
 
The extensional springs shown in Fig.5.12 (where, aK  is given in Eqn.5.4) may be 
represented by an equivalent component with the following effective axial stiffness: 
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Therefore, the beam axial load, corresponding to the response prior to the tensile catenary 
stage, is defined based on the effective axial stiffness given in Eqn.5.44 and the axial 
deformation of the system given in Eqn.5.2, in a similar fashion to Eqn.5.6: 
 
( )
L
wDwKN
aEI
2
2 −
−=  (5.45) 
 
A decrease in the beam flexural stiffness leads to a decrease in the effective axial stiffness 
aEIK  (Eqn.5.44) and, therefore, a decrease in the beam compressive axial load (Eqn.5.45). 
With regard to the compressive arching response associated with rigid beam flexural 
behaviour (i.e. aaEI KK = ) explored in Section 5.3.1, the influence of the beam flexural 
stiffness on performance is illustrated in Fig.5.13. For zero beam flexural stiffness, the 
effective axial stiffness aEIK  and, therefore, the beam axial load are zero. As the beam 
flexural stiffness increases, the equivalent axial stiffness EIK  increases and the response of 
the system becomes less dependent of the beam flexural behaviour. Consequently, as the 
beam flexural stiffness tends to infinity (thus, the equivalent axial stiffness EIK  becoming 
substantially higher than the effective axial stiffness aK ), the effective axial stiffness aEIK  
approaches the effective axial stiffness aK ; therefore, the beam flexural effects become 
negligible and the system exhibits the response described in Section 5.3.1. 
 
 
Figure 5.13   Influence of the beam flexural stiffness on the effective axial stiffness of the 
system 
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As shown in Fig.5.13, the effective axial stiffness aEIK  is higher than 95% of the effective 
axial stiffness aK  for aEI KK 20> ; thus, the effects of the beam flexural stiffness on the 
axial stiffness of the system are associated with a decrease of less than 5% in the 
compressive axial load given in Eqn.5.6. Consequently, the beam flexural behaviour may 
be considered as practically rigid when the effective axial stiffness of the beam and the 
support ( aK ) is less than 5% of the equivalent axial stiffness EIK  defined by Eqn.5.43. 
  
The response of the beam system with rigid flexural behaviour (Section 5.3.1) is compared 
in Fig.5.14 with the responses of the corresponding systems associated with the various 
levels of aEI KK  indicated in Fig.5.13 (i.e. 0.25, 2/3, 1.5, and 4). These responses have 
been obtained by the analytical method of Chapter 4. The effects of a decrease in the beam 
flexural stiffness on the beam compressive axial load, as defined above, are confirmed in 
Fig.5.14a. The maximum compressive axial loads associated with the various values of 
beam flexural stiffness shown in Fig.5.14a are identical to the corresponding predictions of 
Eqn.5.45 shown in Fig.5.13.  
 
 
Figure 5.14   Effects of the beam flexural stiffness on the response of axially restrained 
simply supported beams  
 
The corresponding effects on the beam pseudo-static response are shown in Fig.5.14b. 
According to Eqn.5.45, Eqn.5.9 and Eqn.5.12, the beam axial load, the beam static and the 
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beam pseudo-static capacities respectively are linearly related to the beam effective axial 
stiffness prior to the tensile catenary stage. Consequently, a change in the effective axial 
stiffness influences similarly the above three parameters. As confirmed in Fig.5.14, a 
decrease in the beam compressive axial load due to a decrease in the beam flexural stiffness 
leads to a corresponding decrease in the pseudo-static capacity within the compressive 
stage. 
 
Provided the axial stiffness of the support ( sK ) is considered as equal to the axial stiffness 
of the adjacent beam, aEI KK  may be defined based on Eqn.5.4 and Eqn.5.43 as follows: 
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=  (5.46) 
 
In the above expression, 1L  is the span of the beam under consideration and 2L  is the span 
of the adjacent beam. By covering a wide range of different hot-rolled steel sections, values 
of aEI KK  have been calculated based on Eqn.5.46 by considering different levels of  
12 LL  and the results are presented in Table 5.1. 
 
 
 
Table 5.1   Influence of the beam flexural stiffness on the effective axial stiffness of bare 
steel beam systems 
 
Among beams with different cross-sections but the same 12 LL , the variation in aEI KK  
is rather limited as shown in Table 5.1. The level of aEI KK  increases as the cross 
sectional areas of the beam flanges increase, as compared to the overall cross-sectional area 
of the beam. On the other hand, an increase in the span of the adjacent beam (and thus, an 
increase in 12 LL ) leads to a decrease in the axial stiffness of the support ( sK ) and, 
therefore, an increase in aEI KK . Based on the values shown in Table 5.1 and the curve of 
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Fig.5.13, beam bending results in a decrease of 18-22% in the beam compressive axial load 
and the beam static and pseudo-static capacities within the compressive stage when 
112 =LL , as compared to the corresponding parameters of the system with rigid beam 
flexural behaviour. These percentages decrease or increase accordingly when 12 LL  
increases or decreases respectively. 
 
The above example demonstrates that the beam flexural behaviour may influence 
considerably the compressive arching response of axially restrained beams. It is established 
that the beam flexural stiffness, besides its effects on the overall rotational stiffness, has a 
significant influence on the effective axial stiffness of the system. Regarding the structural 
system that has been adopted in Chapter 4, the effects of beam bending are represented by a 
decrease in the connection tensile rotations and, therefore, a decrease in the compressive 
deformation along the beam neutral axis. 
 
 
5.4.2 Axially and rotationally restrained beams 
 
The bending moment diagram of axially and rotationally restrained beams is defined based 
on Fig.5.11 as shown next: 
 
L
NwxqxMqLxM x −−−= 2
2
 (5.47) 
 
By substituting M  and q  from Eqn.5.24 and Eqn.5.25 respectively into Eqn.5.47, 
substituting the resulting expression for xM  and the expression for xy  from Eqn.5.40 into 
Eqn.5.39 and considering Eqn.5.17 (i.e. the connection bending moments are associated 
only with the connection tensile forces), the equivalent axial deformation due to beam 
bending is obtained as follows: 
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The equivalent axial deformation given in Eqn.5.48 consists of beam bending deformations 
associated with the beam axial load (Eqn.5.42) and the connection bending moments. The 
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axial deformation of the system ( a∆ ) consists of axial deformations of the beam and the 
support as well as the equivalent axial deformation due to beam bending as shown next: 
 ba
a
K
N ∆−=∆  (5.49) 
 
By substituting b∆  from Eqn.5.48 and a∆  from Eqn.5.2 into Eqn.5.49, the beam axial load 
associated with the response prior to the tensile catenary stage is defined based on the 
effective axial stiffness aEIK  (Eqn.5.44) as follows: 
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The second component of the right-hand side of Eqn.5.50 represents the effects of the 
interplay between the connection bending moments and the beam flexural stiffness on the 
beam axial load. Provided the connection bending moments are zero, Eqn.5.50 is identical 
to Eqn.5.45. An increase in the connection bending moments (due to an increase in the 
connection tensile forces) leads to an increase in the beam axial load (or a decrease in the 
beam compressive axial load) provided the beam flexural stiffness is not infinite. When the 
beam flexural stiffness is infinite, the effective axial stiffness aEIK  is equal to aK  and, 
therefore, Eqn.5.50 becomes identical to Eqn.5.6. Provided the connection bending 
moments are not zero, a decrease in the beam flexural stiffness results in an increase in the 
second component of the right-hand side of Eqn.5.50 according to Fig.5.13 and, therefore, 
an increase in the beam axial. 
 
The connection post-limit bending moments may be defined by the simplified moment-
rotation characteristic given in Eqn.5.15. By considering equal tensile rotations ( 1θ ) for the 
two connections and by taking into account the influence of the axial deformation due to 
beam bending ( b∆ ) on the connection rotations, Eqn.5.50 is developed accordingly and the 
connection bending moments are expressed in terms of the connection moment capacities 
and post-limit stiffness. 
 
The effects of the beam flexural stiffness on performance are illustrated in Fig.5.15. The 
response of the system with rigid beam flexural behaviour shown in Fig.5.6 is compared 
with the responses of the corresponding systems with the various levels of beam flexural 
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stiffness indicated in Fig.5.13. The beam axial loads are shown in Fig.5.15a and the 
corresponding beam pseudo-static responses are shown in Fig.5.15b. The results have been 
obtained by the analytical method of Chapter 4; however, the corresponding predictions of 
the simplified approach derived above are also shown in Fig.5.15a. It is confirmed that the 
simplified approach represents the response with reasonable accuracy only after yielding of 
both connections and prior to the tensile catenary stage (For 25.0=aEI KK  however, 
tensile catenary action takes place prior to yielding of the mid-span connection). 
 
 
Figure 5.15   Effects of the beam flexural stiffness on the response of axially and 
rotationally restrained beams 
 
Prior to yielding of the connection tensile components, the beam deflection is mainly 
associated with the beam flexural deformation. Therefore, the corresponding equivalent 
axial deformation ( b∆ ) exceeds the compressive axial deformation of the system ( a∆ ); in 
this regard, the axial deformations of the beam and the support and, therefore, the beam 
axial load are tensile (Eqn.5.49) as shown in Fig.5.15a. A decrease in the beam flexural 
stiffness leads to an increase in the elastic stage; therefore, the beam tensile axial load 
increases accordingly as defined by Eqn.5.50 and confirmed in Fig.5.15a. As discussed in 
Chapter 3, the combined action of connection bending moment and tensile axial load leads 
to decreases in the connection moment capacity and initial stiffness. However, a decrease in 
the connection moment capacity results in a decrease in the beam yield capacity according 
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to Eqn.5.28, whereas a decrease in the connection initial stiffness leads to a decrease in the 
initial stiffness of the system.  
 
After yielding of at least one of the connections, the rate of increase in the beam bending 
deformation decreases and the beam axial load decreases accordingly (Eqn.5.49) as shown 
in Fig.5.15a. Within the post-limit stage of the response, the beam axial load depends only 
on the effective axial stiffness aEIK  provided the connection tensile behaviour is perfectly 
plastic and the connection bending moments are constant (Eqn.5.50); therefore, the 
additional effects of the beam flexural behaviour on this stage of the response are similar to 
the effects on the response of the corresponding simply supported beams (Section 5.4.1). 
However, increases in the connection post-limit bending moments due to strain hardening 
lead to a corresponding increase in the beam bending deformation with respect to the 
increase in the beam deflection within the post-limit stage; therefore, the beam axial load 
increases accordingly (Eqn.5.50) as shown in Fig.5.15a.  
 
The beam deflection associated with the situation when the beam compressive axial load 
becomes tensile decreases as the beam flexural stiffness decreases; therefore, the 
compressive arching effects decrease accordingly as shown in Fig.5.15b. In particular, the 
response is governed only by tensile effects when the beam flexural stiffness is 
substantially low. Finally, the beam deflection associated with the transition from the 
transient tensile to the tensile catenary stage decreases as the beam flexural stiffness 
decreases, mainly due to a decrease in the tensile force of the mid-span connection. 
 
It is concluded that a decrease in the beam flexural stiffness leads to decreases in the 
effective axial stiffness and the connection moment capacities of axially restrained systems. 
It has been found that the decrease in the effective axial stiffness may influence 
considerably the compressive arching response of the system (Section 5.4.1). The decrease 
in the connection moment capacities on the other hand, depends on the interplay between 
the connection moment-rotation characteristics and the beam flexural stiffness. For many 
practical combinations however, the decrease in the connection moment capacities is likely 
to be substantially less important than the corresponding decrease in the effective axial 
stiffness of the system. In this regard, the effects of the beam flexural behaviour on 
performance are mainly associated with a decrease in the maximum compressive arching 
capacity of the system due to a decrease in the effective axial stiffness. 
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5.5 Summary and conclusions 
 
The response of axially restrained beams with rigid connection compressive behaviour 
subject to column removal has been extensively studied in this Chapter. The most important 
structural parameters have been identified, and their effects on performance have been 
defined. Although the study is extended in Chapter 6 where the additional effects of finite 
connection compressive stiffness and capacities are explored, the outcomes of this Chapter 
facilitate considerably understanding of the basic features of the response of axially 
restrained beams in progressive collapse. A summary of these outcomes is given next. 
 
The response of axially restrained beams consists of two main stages. The initial stage is 
governed by flexural and axial effects associated with the combined action of the 
connection bending moments and the beam axial load (compressive or tensile), whereas the 
subsequent tensile catenary stage is mainly governed by axial effects associated with the 
beam tensile axial load. 
 
The initial stage of the response consists of the compressive arching and the transient 
tensile phases, associated with compressive and tensile beam axial loads respectively acting 
in combination with the connection bending moments. By ignoring the connection flexural 
behaviour, the effects of axial restraint have been studied individually based on a simplified 
axially restrained and rotationally unrestrained beam system. It has been found that 
performance depends on the beam span-to-depth ratio and the effective axial stiffness of the 
system. In particular, the effective axial stiffness depends on the beam axial stiffness, the 
degree of axial restraint and the beam flexural stiffness. Similarly, the maximum pseudo-
static compressive arching capacity – which is an important parameter for the response of 
axially restrained beams – may be defined based on the above structural parameters. 
 
On the other hand, the flexural behaviour of axially restrained beams is similar to the 
behaviour of the corresponding axially unrestrained beams and depends on the connection 
moment-rotation characteristics and the beam span. In this regard, performance is 
characterised by the yield capacity and the post-limit stiffness of the system. The yield 
capacity depends on the sum of the connection moment capacities and the beam span, 
whereas the post-limit stiffness depends on the connection post-limit behaviour. 
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The compressive arching response of axially and rotationally restrained beams is mainly 
characterised by the sum of the maximum pseudo-static compressive arching capacity – 
defined based on the response of the corresponding rotationally unrestrained system – and 
the yield capacity. In addition, performance may be influenced by the initial and post-limit 
stiffness of the system and by the beam flexural response. A decrease in the initial stiffness 
of the system leads to a decrease in the pseudo-static capacity within the initial stage of the 
response, whereas an increase in the post-limit stiffness of the system may result in an 
increase in the maximum pseudo-static compressive arching capacity. On the other hand, 
flexural deformation of the beam within the elastic stage of the response leads to a decrease 
in the yield capacity of the system due to decreases in the connection moment capacities. 
Unless the connection post-limit stiffness is very high or the beam flexural stiffness is 
substantially low however, the practical significance of the above effects on performance is 
likely to be minor. 
 
The tensile catenary response is independent of the beam flexural behaviour and depends 
on the beam span, the connection tensile capacities and the tensile effective axial stiffness 
of the system. The latter parameter is mainly governed by the connection post-limit tensile 
stiffness, provided the system is sufficiently restrained in tension. When the connection 
post-limit behaviour is perfectly plastic, the tensile catenary response is solely associated 
with the connection tensile capacities. However, an increase in the connection post-limit 
tensile stiffness is found to be more effective in enhancing the tensile catenary behaviour 
than an increase in the connection tensile capacity. 
 
Provided the connection compressive behaviour is rigid, tensile effects develop when the 
beam deflection is greater than approximately twice the beam depth. In this regard, the 
possibility for failure to occur within the tensile stage increases as the beam span-to-depth 
ratio increases and/or the connection rotation capacities increase. In this case, performance 
is enhanced by increasing the connection tensile capacities and/or post-limit tensile 
stiffness. On the other hand, when the connection rotation capacities and/or the beam span-
to-depth ratio are not significantly high (which is typically the most possible case in 
practice), performance is most likely governed by compressive arching effects and, 
therefore, it is most effectively enhanced by increasing the connection moment capacities. 
Similarly, performance of axially unrestrained beams may be enhanced by increasing the 
connection moment capacities. 
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Chapter 6 
 
Study of the connection compressive behaviour  
in axially restrained beams 
 
 
6.1 Introduction 
 
Based on the assumption of rigid connection compressive behaviour, the response of 
axially restrained beams following column removal has been studied in Chapter 5. It has 
been confirmed that performance is independent of the connection compressive behaviour 
only within the tensile catenary stage where the connection compressive forces are zero. In 
the previous stage of the response however, connection compressive forces develop due to 
the interaction between the connection bending moments and the beam axial load. In 
particular, the connections may be subjected to relatively high levels of compressive forces 
in the initial compressive arching stage, provided the beam is sufficiently restrained in 
compression. Unless the connection rotation capacities are rather high, failure typically 
occurs prior to the development of tensile catenary action (Nethercot et al., 2010). In this 
regard, the effects of the connection compressive behaviour on performance may influence 
considerably the ultimate capacity of axially restrained beams.  
 
The study of Chapter 5 is extended herein and the effects of the connection compressive 
behaviour on the response of axially restrained beams following column removal are 
explored. Depending on the connection compressive characteristics, the connections may 
behave rigidly, elastically or, most likely, nonlinearly in compression. As established in 
Chapter 5, the response is mainly associated with the post-limit behaviour of the connection 
tensile components whereas the connection initial tensile stiffness barely influences 
performance. However, the initial stiffness of the connection compressive components 
influences the compressive axial stiffness of the system and, therefore, the compressive 
arching behaviour. Therefore, performance of axially restrained beams depends both on the 
elastic and post-limit phases of the connection compressive responses. 
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However, the interplay between the connection compressive parameters (i.e. capacity, 
initial and post-limit stiffness) and the basic structural parameters that influence the 
compressive arching response (Section 5.3) is rather complicated. In this regard, the effect 
of each connection compressive parameter on performance is studied and appraised 
individually. The effects of finite connection compressive stiffness are explored by 
considering infinite connection compressive capacities, whereas the corresponding effects 
of finite connection compressive capacities are examined by considering infinite connection 
initial compressive stiffness and perfectly plastic post-limit compressive behaviour. 
Therefore, understanding the effects of the interplay between finite connection compressive 
stiffness and capacities as well as the additional effects of connection compressive strain 
hardening on performance is considerably facilitated. 
 
The response of axially restrained beams with rigid connection compressive behaviour 
explored in Section 5.3 provides the basis for the study of the influence of the connection 
compressive behaviour on performance. Accordingly, the beam flexural behaviour (Section 
5.4) is ignored and the support and mid-span connections – subject to hogging and sagging 
bending moments respectively – are considered as identical in order to simplify the study 
and facilitate understanding of the interplay between the various structural parameters. 
 
 
6.2 Effects of finite connection compressive stiffness 
 
By considering infinite connection compressive capacities, the effects of finite connection 
compressive stiffness on the response of axially restrained beams are explored in this 
Section. As discussed in Section 5.2, one of the parameters that may influence the axial 
deformation of the structural system shown in Fig.5.1 is the compressive deformation of the 
connection compressive components. Provided the connection compressive behaviour is 
elastic, the connection compressive deformations depend on the connection compressive 
stiffness and the connection compressive forces. 
 
The connection compressive forces are associated with the interaction between the 
connection bending moments and the beam axial load generated in axially restrained 
beams. By ignoring the connection bending moments at first, the interplay between the 
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connection compressive stiffness and the remaining structural parameters that influence the 
compressive arching response (Section 5.3.1) is explored in Section 6.2.1. The additional 
effects of the interplay between the connection compressive stiffness and the connection 
moment-rotation characteristics are examined in Section 6.2.2. 
 
 
6.2.1 Axially restrained simply supported beams 
 
In the absence of connection tensile forces, the connection compressive forces are equal to 
the beam axial load, as discussed in Section 5.3.1. In this regard, the connection elastic 
compressive behaviour may be represented by the structural system shown in Fig.6.1, 
where the compressive stiffness of each connection ( CK ) is represented by a spring acting 
in series with the components (i.e. beam and axial support) that constitute the effective 
axial stiffness of the system ( aK ) given in Eqn.5.4. 
 
 
Figure 6.1   Axially restrained simply supported beam with infinite flexural stiffness and 
elastic connection compressive behaviour 
 
Therefore, the effective axial stiffness of the system and the connection compressive 
stiffness may be represented by an equivalent component with the following stiffness: 
 
121 −

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Provided the connection compressive behaviour is elastic, the beam axial load prior to the 
tensile catenary stage (i.e. 0=e ) is defined by Eqn.5.5, based on the effective axial 
stiffness given in Eqn.6.1 and the axial deformation of the system given in Eqn.5.2: 
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L
wDwKN
aC
2
2 −
−=  (6.2) 
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It is shown that the effective compressive stiffness of both connections (i.e. 2CK ) 
influences performance similarly to the equivalent axial stiffness EIK  (associated with the 
beam flexural rigidity) defined by Eqn.5.43 in Section 5.4. 
 
The effects of the connection compressive stiffness on the effective axial stiffness aCK  
(Eqn.6.1) and the beam maximum compressive axial load (defined based on Eqn.6.2 in a 
similar fashion to Eqn.5.7) are illustrated in Fig.6.2. For zero connection compressive 
stiffness, the effective axial stiffness aCK  is zero. As the connection compressive stiffness 
increases, aCK  increases and the response becomes less dependent of the connection 
compressive behaviour. Provided the connection compressive stiffness is substantially 
higher than the effective axial stiffness of the beam and the support ( aK ), the connection 
compressive behaviour is essentially rigid and the response of the system is associated only 
with the effective axial stiffness aK  (i.e. aaC KK ≈ ) as described in Section 5.3. 
 
 
Figure 6.2   Influence of the connection compressive stiffness on the effective axial 
stiffness of the system 
 
As shown in Fig.6.2, the effective axial stiffness aCK  is higher than 95% of aK  for 
aC KK 40≥ ; therefore, the effects of the connection elastic compressive behaviour on 
performance are associated with a decrease of less than 5% in the compressive axial load of 
the system with rigid connection compressive behaviour, given in Eqn.5.6. Consequently, 
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the connection compressive behaviour may be considered as practically rigid when the 
effective axial stiffness of the beam and the support ( aK ) is less than 2.5% of the 
connection compressive stiffness (or less than 5% of the effective compressive stiffness of 
both connections). Nevertheless, for many practical combinations of major-axis beam-to-
column connections the value of aC KK  is normally lower than 40. Provided the joint is 
designed based on the ‘strong column/weak beam’ concept however, the connection 
compressive stiffness is not likely to be less than 10 times the effective axial stiffness aK  
unless the beam span-to-depth ratio is relatively low (i.e. <10). Therefore, the connection 
elastic compressive behaviour may have a distinct influence on performance as shown in 
Fig.6.2. 
 
Prior to the tensile catenary stage (i.e. 0=e ), the axial deformation of the system ( a∆ ) 
consists of axial deformations of the beam and the support as well as connection 
compressive deformations; thus it is defined as follows: 
 
C
a
a
K
N ∆−=∆ 2  (6.3) 
 
By substituting a∆  from Eqn.5.2 and N  from Eqn.6.2 into Eqn.6.3, the compressive 
deformation of each connection is defined as shown next: 
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According to the above equation, the maximum connection compressive deformation 
corresponds to  Dw =  and it is given by the following equation: 
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When the connection compressive stiffness is zero, CaC KK2  is equal to unity; therefore, 
the sum of the connection compressive deformations ( C∆2 ) defined by Eqn.6.4 is equal to 
the total axial deformation of the system defined by Eqn.5.2. 
 
The relationship between the connection compressive stiffness and the connection 
maximum compressive deformations given in Eqn.6.5 is illustrated in Fig.6.3. For zero 
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connection compressive stiffness, the compressive deformation of each connection is equal 
to half the maximum compressive deformation of the system (Eqn.5.3). By increasing the 
connection compressive stiffness, the connection compressive deformations decrease 
identically to the increase in the effective axial stiffness aCK  shown in Fig.6.2. It is 
confirmed that the sum of the compressive deformations of the two connections is less than 
5% of the compressive deformation of the system when the effective axial stiffness aK  is 
less than 5% of the effective compressive stiffness of both connections. However, in major-
axis beam-to-column connections the sum of the connection compressive deformations is 
likely to be higher than 5% of the total axial deformation of the system as noted above. 
 
 
Figure 6.3   Relationship between the connection compressive stiffness and the connection 
compressive deformations 
 
In Fig.6.4, the behaviour of axially restrained simply supported beams with infinite 
connection compressive stiffness explored in Section 5.3.1 (Fig.5.4) is compared with the 
behaviour of the corresponding systems associated with the various levels of aC KK  
indicated in Fig.6.2 and Fig.6.3 (i.e. 0.5, 4/3, 3 and 8) as well as with the behaviour of the 
corresponding system with zero connection compressive stiffness. The responses shown in 
Fig.6.4 have been obtained by the analytical method of Chapter 4. 
 
The connection compressive characteristics are shown in Fig.6.4a where the connection 
compressive forces are normalised against the maximum compressive axial load of the 
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system with rigid connection compressive behaviour (Eqn.5.7) and the connection 
compressive deformations are normalised against half the maximum compressive 
deformation of the system (Eqn.5.3). The sums of the connection compressive 
deformations, normalised against the maximum total compressive deformation of the 
system, are plotted against the beam deflections in Fig.6.4b (the negative values are 
presented in order to enable comparison with the total axial deformation of the system). The 
normalised beam axial loads as well as the corresponding normalised axial deformations of 
the beam and the support are plotted against the beam deflections in Fig.6.4c and Fig.6.4d 
respectively. Finally, the beam static and pseudo-static responses are shown in Fig.6.4e and 
Fig.6.4f respectively. 
 
For the various levels of connection compressive stiffness, the connection maximum 
compressive forces and, therefore, the beam maximum compressive axial loads shown in 
Fig.6.4a and Fig.6.4c are identical to those defined based on Eqn.6.2 and shown in Fig.6.2. 
Similarly, the connection maximum compressive deformations shown in Fig.6.4a and 
Fig.6.4b are identical to those defined by Eqn.6.5 and shown in Fig.6.3. 
 
It is confirmed that, prior to the tensile catenary stage, by decreasing the connection 
compressive stiffness, the beam compressive axial load and the connection compressive 
forces decrease according to Fig.6.2 and the connection compressive deformations increase 
according to Fig.6.3. This justifies the linear relationship between the connection maximum 
compressive forces and deformations for the various values of connection compressive 
stiffness shown in Fig.6.4a. Within the tensile catenary stage, the axial deformations of the 
beam and the support and the connection compressive deformations are zero (Fig.6.4d and 
Fig.6.4b); therefore, the axial deformation of the system is solely associated with 
connection axial extensions as indicated by the dotted curve in Fig.6.4d. 
 
Comparison between Eqn.5.6, Eqn.5.9 and Eqn.5.12 shows that the axial load, the static 
and the pseudo-static capacities are linearly related to the effective axial stiffness of the 
system. As confirmed in Fig.6.4c, Fig.6.4e and Fig.6.4f, a decrease in the beam 
compressive axial load results in corresponding decreases in the static and pseudo-static 
capacities. Therefore, the maximum compressive arching static and pseudo-static capacities 
decrease with decreasing the connection compressive stiffness according to the 
corresponding decrease in the effective axial stiffness of the system shown in Fig.6.2. 
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Figure 6.4   Effects of the connection compressive stiffness on the response of axially 
restrained simply supported beams 
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6.2.2 Axially and rotationally restrained beams 
 
The connection bending moments generated in rotationally restrained beams result in 
increases in the connection compressive forces, as compared with the corresponding axially 
restrained simply supported beams explored in Section 6.2.1. The connection compressive 
forces are defined by the connection equilibrium equation given in Eqn.5.23, based on the 
connection tensile forces ( TF ) and the beam axial load ( N ). Accordingly, the sum of the 
connection compressive deformations is defined as follows:  
 C
T
C
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N 222 +−=∆  (6.6) 
 
The first component of the right-hand side represents the connection compressive 
deformations associated with the beam axial load and the second component represents the 
connection compressive deformations associated with the connection tensile forces. 
 
By substituting C∆2  from Eqn.6.6 and a∆  from Eqn.5.2 into Eqn.6.3, the beam axial load 
associated with the response prior to the tensile catenary stage is defined based on the 
effective axial stiffness aCK  (Eqn.6.1) as follows: 
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The second component of the right-hand side of Eqn.6.7 represents the effects of the 
interplay between the connection tensile forces and the connection compressive stiffness on 
the beam axial load. For zero connection tensile forces, Eqn.6.7 is identical to Eqn.6.2. An 
increase in the connection tensile forces leads to an increase in the beam axial load (or a 
decrease in the beam compressive axial load). However, the effects of the connection 
tensile forces depend on the coefficient CaC KK2  which varies between 0 and 1, 
depending on the connection compressive stiffness, as shown in Fig.6.3. In this regard, the 
beam axial load is independent of the connection tensile forces when the connection 
compressive stiffness is infinite, as confirmed in Section 5.3.2.1. A decrease in the 
connection compressive stiffness causes an increase in the effects of the connection tensile 
forces on the beam axial load, according to Fig.6.3 and Eqn.6.7. As shown in Fig.6.2 and 
Fig.6.3 respectively, the rate of decrease in aCK  and the rate of increase in CaC KK2  
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increase identically as the connection compressive stiffness decrease. For zero connection 
compressive stiffness the former parameter is zero (Fig.6.2), the latter parameter is equal to 
unity (Fig.6.3) and, therefore, the beam axial load is equal to the connection tensile forces, 
as confirmed in Section 5.3.2.2. 
 
It is confirmed that the effects of the connection tensile forces on the connection 
compressive deformations and the beam axial load, as defined by Eqn.6.7, are similar to the 
corresponding effects of the connection bending moments on the beam bending 
deformation and the beam axial load, as defined by Eqn.5.50 in Section 5.4.2. 
 
  
6.2.2.1 Elastic-perfectly plastic connection tensile characteristics 
 
Provided the connection post-limit tensile responses are perfectly plastic, the connection 
post-limit tensile forces are constant and equal to the connection tensile capacities ( TRdF ). 
Prior to the tensile catenary stage, the beam axial load associated with the connection post-
limit tensile responses may be defined based on Eqn.6.7 by replacing TF  by TRdF . 
Accordingly, the connection bending moments and the beam static response are defined 
based on the simplified approach of Section 5.3.2.1, by Eqn.5.24 and Eqn.5.25 respectively. 
 
The effects of finite connection compressive stiffness on the response of axially restrained 
beams with elastic-perfectly plastic connection tensile characteristics are illustrated in 
Fig.6.5. Similarly to the example of Section 5.3.2, the connection tensile capacities are 
considered as equal to 40% of the maximum compressive axial load developed in the 
system with rigid connection compressive behaviour (Eqn.5.7) and the connection 
equivalent lever-arms ( d ) are considered as equal to 75% of the vertical distance between 
the connection compressive centres ( D ). In addition, the effective axial stiffness aK  is 
considered as equal in both tension and compression. The responses shown in Fig.6.5 are 
associated with the various levels of aC KK  adopted in Section 6.2.1 (i.e. 0, 0.5, 4/3, 3, 8 
and ∞) and they have been obtained by the analytical method of Chapter 4. 
 
The connection compressive characteristics are shown in Fig.6.5a and the connection 
compressive deformations are plotted against the beam deflections in Fig.6.5b. The beam 
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axial loads and the corresponding connection bending moments are plotted against the 
beam deflections in Fig.6.5c and Fig.6.5d respectively. Finally, the static and pseudo-static 
responses are shown in Fig.6.5e and Fig.6.5f respectively. In addition, the beam axial loads 
defined by the simplified approach developed above and the corresponding connection 
bending moments and beam static responses are also presented in Fig.6.5c, Fig.6.5d and 
Fig.6.5e respectively (dotted curves). It is confirmed that the simplified approach represents 
the response with excellent accuracy (as compared with the analytical method) only after 
yielding of the connection tensile components and prior to the tensile catenary stage. 
 
Elastic stage of the response 
The connection compressive deformations of the system with infinite connection 
compressive stiffness are zero as shown in Fig.6.5a and Fig.6.5b; therefore, the connection 
rotations are solely associated with deformations of the tensile components. However, as 
the connection compressive stiffness decreases (as compared to the connection initial 
tensile stiffness), the connection compressive rotations increase and the connection tensile 
rotations decrease prior to yielding of the connection tensile components. Provided the 
connection initial tensile stiffness is distinctly higher than the connection compressive 
stiffness, the connection elastic tensile rotations are negligible and the corresponding 
connection compressive rotations are directly related to the beam deflection (i.e. 
Lw≈2θ ). This justifies the linear increase in the connection compressive deformations 
against the beam deflection within the elastic stage of the response shown in Fig.6.5b. 
 
Provided the beam deflection is mainly associated with connection compressive rotations, 
the sum of the corresponding connection compressive deformations ( C∆2 ) exceeds the total 
compressive deformation of the system ( a∆ ) given in Eqn.5.2, as shown in Fig.6.5b. 
Accordingly, the axial deformations of the beam and the support are tensile and, therefore, 
the beam axial load is tensile within the elastic stage as shown in Fig.6.5c. A decrease in 
the connection compressive stiffness leads to a decrease in the rate of increase in the 
connection tensile forces with respect to the increase in the beam deflection. In this regard, 
the elastic stage increases and, therefore, the beam tensile axial load increases accordingly 
as shown in Fig.6.5c. This is represented by the second component of the right-hand side of 
Eqn.6.7; therefore, as the connection compressive stiffness decreases, the beam tensile axial 
load increases according to the increase in CaC KK2  shown in Fig.6.3.  
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However, the combined action of connection bending moment and tensile axial load results 
in a decrease in the connection rotational stiffness and the connection moment capacity – 
provided both are governed by the corresponding tensile parameters – as discussed in 
Chapter 3. As confirmed in Fig.6.5d, the connection moment capacities decrease as the 
beam tensile axial load increases. The maximum connection moment capacities are 
associated with infinite connection compressive stiffness (Eqn.5.24), whereas the minimum 
connection moment capacities are associated with zero connection compressive stiffness 
(Eqn.5.35). As the connection compressive stiffness decreases, the rate of decrease in the 
connection moment capacities between the above two limits is defined according on the 
curve shown in Fig.6.3. 
 
A decrease in the connection rotational stiffness leads to a decrease in the initial stiffness of 
the system. In addition, a decrease in the connection moment capacities causes a decrease 
in the beam yield capacity. The effects of a decrease in the initial stiffness are rather 
inconsiderable as discussed in Section 5.3.2. On the other hand, the effects of a decrease in 
the yield capacity of the system may be significant as shown in Fig.5.6e (in contrast with 
the negligible effects of an increase in the yield capacity due to the compressive axial load 
illustrated in Fig.5.7). In particular, the yield capacity varies between the maximum value 
associated with rigid connection compressive behaviour (Eqn.5.28) and the minimum value 
associated with zero connection compressive stiffness (Eqn.5.37). The rate of decrease 
between those two limits with respect to the decrease in the connection compressive 
stiffness is defined by the curve of Fig.6.3. 
 
It is concluded that the tensile axial load developed within the elastic stage of the response 
due to elastic deformations of the connection compressive components results in decreases 
in the connection moment capacities and rotational stiffness and, therefore, corresponding 
decreases in the yield capacity and initial stiffness of the system. These effects increase as 
the connection compressive stiffness decreases and/or the connection tensile capacities 
increase. Although the effects of a decrease in the initial stiffness are rather insignificant, 
the decrease in the yield capacity may have a notable influence on performance. For many 
practical combinations of semi-rigid and partial-strength connections however, the decrease 
in the connection moment capacity is rather limited; therefore, the practical significance of 
the corresponding decrease in the yield capacity of the system may be essentially minor. 
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Figure 6.5   Effects of the connection compressive stiffness on the response of axially 
restrained beams with elastic-perfectly plastic connection tensile behaviour 
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Post-limit stage of the response 
Provided the connection tensile forces are constant within the post-limit stage, the effects of 
the connection compressive stiffness on the post-limit response of the system are associated 
only with the corresponding effects on the effective axial stiffness aCK  as defined by 
Eqn.6.7. In this regard, a decrease in the connection compressive stiffness leads to 
decreases in the beam compressive axial load and the maximum static and pseudo-static 
compressive arching capacities as discussed in Section 6.2.1. 
 
The additional connection compressive forces developed within the post-limit stage of the 
response are equal to the connection compressive forces of the corresponding simply 
supported beams shown in Fig.6.4c. Similarly, the corresponding additional connection 
compressive deformations are equal to the connection compressive deformations shown in 
Fig.6.4b. As shown in Fig.6.5a, the effects of the connection tensile forces on the 
connection compressive characteristics are represented by an increase of 40% in both the 
connection maximum compressive forces and deformations, as compared with the 
corresponding parameters of the simply supported beams (Fig.6.4a). This is directly related 
to the ratio between the connection tensile capacities and the maximum compressive axial 
load of the system with rigid connection compressive behaviour (i.e. 0.4). 
 
When the connection compressive stiffness is substantially low, performance may be 
governed only by tensile effects as shown in Fig.6.5. This depends on the balance between 
the connection normalised compressive stiffness ( aC KK ) and the ratio between the 
connection tensile capacities and the maximum compressive axial load of the system with 
rigid connection compressive behaviour (i.e. 0.4 in the given example). In particular, the 
beam axial load remains tensile when the connection normalised compressive stiffness is 
lower than twice the above connection normalised tensile capacity (i.e. 8.0<aC KK  in 
Fig.6.5); accordingly, the system does not exhibit compressive arching behaviour and the 
static load-deflection curve increases monotonically, as shown in Fig.6.5e.  
 
On the other hand, when the connection normalised compressive stiffness is higher than 
twice the connection normalised tensile capacities (i.e. 8.0>aC KK  in Fig.6.5), the 
system exhibits compressive arching behaviour. As shown in Fig.6.5c, the maximum 
compressive axial load and the beam deflection associated with the situation when the 
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compressive axial load becomes tensile increase as the connection compressive stiffness 
increases. As confirmed in Fig.6.5e and Fig.6.5f, the tensile catenary static and pseudo-
static responses are independent of the connection compressive behaviour. Prior to the 
tensile catenary stage, the pseudo-static capacity is limited within the pseudo-static load-
deflection curves of the systems with infinite (upper bound) and zero (lower bound) 
connection compressive stiffness. In particular, as the connection compressive stiffness 
decreases, the pseudo-static capacity within this stage of the response decreases between 
the above two limits similarly to the decrease in CaC KK2  between 1 and 0 shown in 
Fig.6.3. 
 
It is concluded that a decrease in the connection compressive stiffness mainly results in a 
decrease in the maximum compressive arching capacity within the post-limit stage of the 
response due to a decrease in the effective axial stiffness of the system (similarly to the 
corresponding simply supported systems). Although the effects of finite connection 
compressive stiffness on the elastic stage of the response (i.e. decrease in the connection 
moment capacities due to development of a tensile axial load) may be of rather limited 
practical significance as noted previously, the corresponding effects on the post limit stage 
of the response are rather significant as established in Section 6.2.1. 
 
 
6.2.2.2 Bi-linear connection tensile characteristics 
 
Provided the connection post-limit tensile behaviour is characterised by hardening, the 
connection post-limit tensile forces increase with respect to the increase in the connection 
tensile rotations. With regard to the corresponding responses of the systems with perfectly 
plastic connection post-limit tensile behaviour shown in Fig.6.5, the additional effects of 
the interplay between the connection post-limit tensile stiffness and the connection 
compressive stiffness are illustrated in Fig.6.6. 
 
Provided the connection compressive stiffness is not infinite, an increase in the connection 
post-limit tensile stiffness causes a decrease in the rate of increase in the connection tensile 
rotations and an increase in the rate of increase in the connection compressive rotations 
within the initial phase of the post-limit stage of the response (i.e. Dw ≤ ). Therefore, the 
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corresponding connection compressive deformations and forces increase. An increase in the 
connection compressive deformations however, results in increases in the axial 
deformations of the beam and the support (or a decrease in the compressive deformations of 
the beam and the support) and, therefore, an increase in the beam axial load (or a decrease 
in the beam compressive axial load). Consequently, the connection bending moments and, 
therefore, the beam static and pseudo-static capacities increase accordingly within the post-
limit stage of the response as shown in Fig.6.6d, Fig.6.6e and Fig.6.6f respectively. In 
addition, an increase in the beam axial load within the post-limit stage leads to a decrease in 
the beam deflection associated with the situation when the compressive axial load becomes 
tensile as shown in Fig.6.6c.  
 
Similarly to Fig.6.5, prior to the tensile catenary stage, the minimum beam axial load and 
the maximum connection bending moments and beam pseudo-static capacity shown in 
Fig.6.6 are associated with infinite connection compressive stiffness. Accordingly, the 
maximum beam axial load and the minimum connection bending moments and beam 
pseudo-static capacity are associated with zero connection compressive stiffness. As the 
connection compressive stiffness decreases, the beam axial load increases and the 
connection bending moments and pseudo-static capacity decrease between the above 
corresponding limits similarly to the decrease in CaC KK2  between 1 and 0 shown in 
Fig.6.3. Clearly, the effects of an increase in the connection rotation capacities on 
increasing the ultimate beam capacity increase as the connection post-limit tensile stiffness 
increases and/or the connection compressive stiffness decreases. 
 
It is concluded that an increase in the connection post-limit stiffness leads to an increase in 
the post-limit stiffness of the system, regardless of the level of the connection compressive 
stiffness. Accordingly, the effects on the compressive arching stage of the response are 
similar to those defined in Section 5.3.2.1. In this regard, an increase in the connection 
post-limit stiffness mainly results in an increase in the maximum compressive arching 
capacity. However, as noted in Section 5.3.2.1, the increase in the maximum compressive 
arching capacity is likely to be limited, unless the connection post-limit stiffness is 
substantially high. On the other hand, it is confirmed that an increase in the connection 
post-limit tensile stiffness is very effective in enhancing the tensile effects, especially when 
the effective compressive stiffness of the system is rather low. 
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Figure 6.6   Effects of the connection compressive stiffness on the response of axially 
restrained beams with bi-linear connection tensile behaviour 
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6.3 Effects of finite connection compressive capacities 
 
The effects of finite connection compressive capacities on the response of axially restrained 
beams are explored in this Section. In order to simplify the study, the connection 
compressive characteristics are considered as rigid-perfectly plastic. Therefore, the 
connection compressive behaviour is mainly associated with the balance between the 
connection compressive forces developed within the compressive arching stage of the 
response and the connection compressive capacities.  
 
As noted previously, the connection compressive forces depend on the interaction between 
the beam axial load and the connection bending moments. The latter parameter is initially 
ignored and the effects of the connection compressive behaviour are studied in Section 
6.3.1 based on the response of axially restrained simply supported beams (Section 5.3.1). 
The additional effects of the interplay between the connection compressive capacities and 
the connection moment-rotation characteristics are explored in Section 6.3.2 based on the 
response of axially and rotationally restrained beams (Section 5.3.2). 
 
 
6.3.1 Axially restrained simply supported beams 
 
In the absence of connection tensile forces, the connection compressive forces are equal to 
the beam axial load. Provided the connections exhibit rigid compressive behaviour, the 
beam maximum compressive axial load developed within the compressive stage of the 
response is given in Eqn.5.7 of Section 5.3. Consequently, the corresponding connection 
maximum compressive forces are defined accordingly as follows: 
 
L
DKNF
a
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2
2
maxmax ==  (6.8) 
 
The connection compressive capacities ( CRdF ) are not exhausted provided they are not less 
than the connection maximum compressive forces given in Eqn.6.8; thus, the connection 
compressive behaviour remains rigid and the system exhibits the response shown in Fig.5.4 
of Section 5.3.1. 
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The effects of finite connection compressive capacities and perfectly plastic connection 
post-limit compressive behaviour on performance are illustrated in Fig.6.7. The response of 
the system with rigid connection compressive behaviour (i.e. 1max ≥CCRd FF ) explored in 
Section 5.3.1 is compared with the responses of the corresponding systems associated with 
lower values of CCRd FF max (i.e. 0.0, 0.2, 0.4, 0.6 and 0.8). These responses have been 
obtained by the analytical method of Chapter 4. 
 
The connection compressive characteristics are shown in Fig.6.7a, where the connection 
compressive capacities are normalised against the beam maximum compressive axial load 
given in Eqn.5.7 and the connection compressive deformations ( C∆ ) are normalised against 
half the maximum compressive deformation of the system given in Eqn.5.3. The sums of 
the connection compressive deformations ( C∆2 ), normalised against the maximum total 
compressive deformation of the system, are plotted against the beam deflections in Fig.6.7b 
(the negative values are presented in order to facilitate comparison with the total axial 
deformation of the system). The connection normalised compressive forces and the 
corresponding beam normalised axial loads are plotted against the beam deflections in 
Fig.6.7c. Furthermore, the sums of the normalised axial deformations of the beam and the 
support are plotted against the beam deflections in Fig.6.7d. Finally, the beam static and 
pseudo-static responses are shown in Fig.6.7e and Fig.6.7f respectively. 
 
Component forces and deformations 
Since the beam bending deformation is ignored in this study, the axial deformation of the 
system may consist of axial deformations of the beam and the supports as well as 
connection compressive deformations in the flexural stage, or connection axial extensions 
( e ) in the tensile catenary stage of the response, as defined in Section 5.2. Provided the 
effective axial stiffness of the beam and the support is represented by aK  (Eqn.5.4), the 
total axial deformation of the system is defined as follows: 
 e
K
N C
a
a 22 +∆−=∆  (6.9) 
 
When the connection compressive capacities are not less than the maximum compressive 
forces given in Eqn.6.8 (i.e. 1max ≥CCRd FF ), the connection compressive deformations are 
zero (Fig.6.7b) and the compressive deformation of the system is solely associated with 
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compressive deformations of the beam and the support as shown in Fig.6.7d (where, 0=e  
within the compressive stage); therefore, the beam axial load is defined by Eqn.5.6. The 
compressive deformation of the system and, therefore, the beam compressive axial load 
equal zero at Dw 2= . In the subsequent tensile catenary stage, the beam axial load is zero 
due to zero connection tensile stiffness; consequently, the axial deformations of the beam 
and the support are zero and the axial deformation of the system is associated only with 
connection axial extensions as shown in Fig.6.7d. 
 
When the connection compressive capacities are zero, the connection compressive forces 
and the beam axial load are zero as shown in Fig.6.7c; thus, the axial deformations of the 
beam and the support are zero as shown in Fig.6.7d. The compressive deformation of the 
system within the initial phase of the response (i.e. Dw ≤ ) is associated only with 
connection compressive deformations as shown in Fig.6.7b. The maximum connection 
compressive deformations correspond to Dw = . In the subsequent phase of the response 
(i.e. Dw > ), the compressive deformation of the system decreases; however, the 
connection compressive deformations are constant due to the perfectly plastic connection 
post-limit compressive behaviour. Since the compressive deformations of the elastic 
components (beam and support) are zero, the decrease in the compressive deformation of 
the system is followed by tensile deformations. However, the tensile stiffness of the system 
and, therefore, the tensile deformations of the beam and the support are zero. Therefore, the 
tensile deformation of the system is associated only with connection axial extensions as 
shown in Fig.6.7d (tensile catenary stage). 
 
Prior to yielding of the connection compressive components, the systems associated with 
the four intermediate values of CCRd FF max shown in Fig.6.7 (i.e. 0.2, 0.4, 0.6 and 0.8) behave 
identically to the corresponding system with rigid connection compressive response. Within 
this stage, the connection compressive components remain rigid, the connection 
compressive deformations are zero (Fig.6.7b) and the axial deformation of the system is 
associated only with axial deformations of the beam and the support (Fig.6.7d). 
 
In the initial phase of the post-limit stage ( Dw ≤ ), the connection compressive forces and, 
therefore, the beam axial load are constant and equal to the connection compressive 
capacities as shown in Fig.6.7c. Accordingly, the axial deformations of the beam and the 
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support are constant as shown in Fig.6.7d; therefore, further increase in the axial 
deformation of the system within the initial phase of the post-limit stage is associated only 
with connection compressive deformations as shown in Fig.6.7b. 
 
The maximum compressive deformation of the system is equal to the sum of the connection 
maximum compressive deformations ( Cmax2∆ ) and the corresponding axial deformations of 
the beam and the support at Dw = , based on Eqn.6.9. However, the axial deformations of 
the beam and the support at this stage are directly related to the connection compressive 
capacities (Fig.6.7c). This justifies the linear relationship between the connection 
compressive capacities and the corresponding connection maximum compressive 
deformations shown in Fig.6.7a. 
 
In the subsequent unloading phase of the post-limit stage ( Dw > ), the connection 
compressive deformations are constant as shown in Fig.6.7b due to the perfectly plastic 
connection post-limit compressive behaviour. Therefore, the decrease in the compressive 
deformation of the system is solely associated with a decrease in the compressive 
deformations of the beam and the support as shown in Fig.6.7d; thus, the beam compressive 
axial load and the connection compressive forces decrease accordingly as shown in 
Fig.6.7c. When the total compressive deformation of the system equals the connection 
compressive deformations (Fig.6.7b), the axial deformations of the beam and the support 
and, therefore, the beam axial load and the connection compressive forces equal zero. It is 
shown that, as the connection compressive capacities decrease, the connection compressive 
deformations increase; therefore, the beam deflection associated with the transition from 
the compressive to the tensile catenary stage decreases. In particular, the above deflection 
varies between D2  (rigid connection compressive behaviour) and D  (zero connection 
compressive capacities). 
 
In the tensile catenary stage of the response, the connection compressive forces and the 
beam axial load are zero as shown in Fig.6.7c. Therefore, the axial deformations of the 
beam and the support are zero and the total axial deformation of the system is associated 
with the sum of the connection compressive deformations (which remains constant as 
shown in Fig.6.7b) and the sum of the connection axial extensions ( e2 ) shown in Fig.6.7d. 
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Figure 6.7   Effects of the connection compressive capacities on the response of axially 
restrained simply supported beams 
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Static load-deflection response 
As defined previously, prior to yielding of the connection compressive components, the 
systems associated with the four intermediate values of CCRd FF max shown in Fig.6.7 (i.e. 0.2, 
0.4, 0.6 and 0.8) behave identically to the corresponding system with rigid connection 
compressive response; therefore, the static and pseudo-static responses are identical to the 
corresponding responses of the system with rigid connection compressive behaviour as 
shown in Fig.6.7e and Fig.6.7f respectively. 
 
Since the beam axial load is constant and equal to the connection compressive capacities 
within the initial post-limit phase ( Dw ≤ ), the beam static capacity decreases linearly, 
according to the decrease in the initial eccentricity ( D ) between the connection 
compressive forces; thus, it is defined by the equilibrium of the system as follows: 
 
( )
2
2
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=  (6.10) 
 
For 0=w , the corresponding normalised value of the beam capacity given in Eqn.6.10 
(defined as 33 DKqL a ) is equal to the connection normalised compressive capacities 
( CCRd FF max ), as indicated by the dotted lines in Fig.6.7e. The beam static capacity 
associated with yielding of the connection compressive components is defined by the 
intersection between the static load-deflection curve of the system with rigid connection 
compressive behaviour and the load-deflection curve defined by Eqn.6.10. 
 
When the connection normalised compressive capacities are equal to unity, the line defined 
by Eqn.6.10 intersects asymptotically the static load-deflection curve at Dw =  as shown in 
Fig.6.7e. By decreasing the connection compressive capacities, the maximum static 
capacity decreases provided yielding of the connection compressive components takes 
place prior to the peak of the load-deflection curve of the system with rigid connection 
compressive behaviour. The maximum static compressive arching capacity ( 0Cq ) and the 
corresponding beam deflection ( 0Cw ) of the system with rigid connection compressive 
behaviour are defined by Eqn.5.10 and Eqn.5.11 respectively. Based on these, it is found 
that yielding of the connection compressive components coincides with the peak of the 
static load-deflection curve when the connection normalised capacities are equal to 2/3. 
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Provided the connection normalised capacities are higher than 2/3 (i.e. 8.0  in Fig.6.7), 
yielding of the connection compressive components corresponds to the descending part of 
the static load-deflection response and its effects on the initial phase of the compressive 
stage ( Dw ≤ ) are inconsiderable as shown in Fig.6.7e. On the other hand, when the 
connection normalised compressive capacities are less than 2/3 (i.e. 0.6, 0.4 and 0.2 in 
Fig.6.7), yielding of the connection compressive components corresponds to the rising part 
of the response; therefore, the maximum static capacity decreases accordingly. It is shown 
that, by decreasing the connection normalised compressive capacities (beyond 2/3), the rate 
of decrease in the beam maximum static capacity increases. 
 
The behaviour within the subsequent phase of the compressive stage ( Dw > ) is associated 
with unloading of the elastic compressive components of the system (i.e. beam and axial 
supports). Therefore, the energy released by these components within this phase is equal to 
the energy absorbed within the elastic phase, up to yielding of the connection compressive 
components. As shown in Fig.6.7e, a decrease in the elastic phase (due to a decrease in the 
connection compressive capacities) leads to increases in the minimum static capacity and 
the corresponding deflection. This results in a decrease in the compressive stage of the 
response as shown in Fig.6.7e. In contrast with the initial phase of the compressive stage, 
the effects of finite connection compressive capacities on the subsequent unloading phase 
are considerable even for relatively high levels of connection normalised compressive 
capacities (i.e. 0.8 in Fig.6.7).  
 
Pseudo-static load-deflection response 
The first dotted curve shown in Fig.6.7f indicates the variation in the maximum pseudo-
static compressive arching capacity ( max
,Cdq ) and corresponding deflection ( max,Cdw ) with 
respect to the variation in CCRd FF max . Based on that curve, the maximum pseudo-static 
compressive arching capacity and the corresponding deflection are plotted against 
CC
Rd FF max  in Fig.6.8a and Fig.6.8b respectively (where, 0=TRdF  and CC FN maxmax =  in simply 
supported beams). In particular, max
,Cdq  and 
max
,Cdw  are defined with respect to 
0
,Cdq  and 
0
,Cdw  
respectively (i.e. the corresponding parameters of the system with infinite connection 
compressive capacities given in Eqn.5.13 and Eqn.5.14 respectively). 
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Figure 6.8   Effects of the connection compressive capacity on the maximum pseudo-static 
compressive arching capacity and corresponding deflection 
 
As shown in Fig.6.8, max
,Cdq  and 
max
,Cdw  decrease as compared to 
0
,Cdq  and 
0
,Cdw  respectively 
provided 89.0max <
CC
Rd FF . Otherwise, the maximum pseudo-static compressive arching 
capacity is not influenced by the connection compressive capacities. It is shown that the 
above value is higher than the corresponding value associated with the static response (i.e. 
2/3 as defined previously). Furthermore, as shown in Fig.6.8, the rate of decrease in both 
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the maximum pseudo-static compressive arching capacity and the corresponding deflection 
increases as the connection compressive capacities decrease. 
 
In contrast with the static response, the pseudo-static capacity associated with the transition 
from the compressive to the tensile stage is not always zero. As indicated by the second 
dotted curve in Fig.6.7f, the corresponding pseudo-static capacity varies depending on the 
balance between the absorbed and the released amounts of energy associated with the initial 
( Dw ≤ ) and the subsequent ( Dw > ) phases of the compressive stage respectively. This 
results from the additional energy absorbed by the system within the post-limit initial phase 
of the compressive stage, between the beam deflection associated with yielding of the 
connection compressive components and the beam deflection associated with the maximum 
compressive deformation of the system ( Dw = ). Therefore, when the connection 
compressive capacities are zero or the system remains elastic, the corresponding absorbed 
energy is zero. In particular, the maximum absorbed energy corresponds to 5.0max =CCRd FF . 
Consequently, by decreasing the connection normalised compressive capacities between 1.0 
and 0.5, the beam pseudo-static capacity within the tensile catenary stage increases, 
whereas by further decreasing the connection normalised compressive capacities down to 
zero, the corresponding pseudo-static capacity decreases. However, as the beam deflection 
increases, the pseudo-static capacity gradually decreases towards the corresponding 
capacity of the system with rigid connection compressive behaviour. 
 
It is concluded that by decreasing the connection compressive capacities, the maximum 
pseudo-static compressive arching capacity may decrease. In particular, a simplified model 
is proposed in this Section (Fig.6.8) for prediction of the maximum pseudo-static 
compressive arching capacity and the corresponding beam deflection based on the ratio 
between the connection compressive capacity and the maximum compressive axial load of 
the corresponding system with infinite connection compressive capacities. In addition, 
yielding of the connection compressive components results in an increase in the pseudo-
static capacity within the tensile catenary stage. The latter effect may have a considerable 
practical significance on performance, provided the system exhibits relatively high ductility 
(thus, allowing the development of catenary action) and the connection compressive 
capacities are approximately equal to half the maximum compressive axial load of the 
system with infinite connection compressive capacities. 
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6.3.2 Axially and rotationally restrained beams 
 
The connection bending moments developed in rotationally restrained beams result in 
increases in the connection compressive forces, as compared with the corresponding 
rotationally unrestrained beams explored in Section 6.3.1. The connection compressive 
forces are defined by the connection equilibrium equation (Eqn.5.23), based on the 
connection tensile forces ( TF ) and the beam axial load ( N ). Provided the connection 
compressive behaviour is rigid, the beam axial load is defined by Eqn.5.6; therefore, the 
connection compressive forces are obtained as follows: 
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According to Section 5.3.2, the response of axially restrained beams following column 
removal is mainly associated with the post-limit behaviour of the connection tensile 
components. The connection post-limit tensile forces are defined by the connection tensile 
capacities and the connection post-limit tensile stiffness. By considering perfectly plastic 
connection post-limit tensile behaviour at first, the effects of the interplay between the 
connection compressive and tensile capacities on performance are explored in Section 
6.3.2.1. The additional effects of strain hardening of the connection tensile components on 
the connection compressive response and overall beam performance are examined in 
Section 6.3.2.2. 
 
 
6.3.2.1 Elastic-perfectly plastic connection tensile characteristics 
 
Provided the connections exhibit perfectly plastic post-limit tensile behaviour, the 
connection post-limit tensile forces are constant and equal to the connection tensile 
capacities ( TRdF ). When the system exhibits rigid connection compressive behaviour, the 
connection compressive forces are defined accordingly, based on Eqn.6.11. Since the 
connection post-limit tensile forces are constant, the connection maximum compressive 
forces correspond to the beam deflection associated with the beam maximum compressive 
axial load ( CN max ) given in Eqn.5.7, thus: 
 Dw C =max  (6.12) 
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Therefore, the connection maximum compressive forces are defined based on Eqn.6.11 as 
follows: 
 
CT
Rd
C NFF maxmax +=  (6.13) 
 
The connection compressive capacities ( CRdF ) are not exhausted provided they are not less 
than the connection maximum compressive forces given in Eqn.6.13; therefore, the 
connection compressive response remains rigid and the system exhibits the behaviour 
described in Section 5.3.2. It is shown that the maximum compressive forces given in 
Eqn.6.13 consist of the sum of the connection tensile capacities and the maximum 
compressive axial load developed within the compressive stage (Eqn.5.7). The latter is 
equal to the connection maximum compressive forces of the corresponding simply 
supported beams with rigid connection compressive behaviour (Eqn.6.8). 
 
The effects of finite connection compressive capacities on performance are illustrated in 
Fig.6.9. The response of the system with rigid connection compressive behaviour (i.e. 
CC
Rd FF max≥ ) explored in Section 5.3.2 is compared with the responses of the corresponding 
systems associated with various values of finite connection compressive capacities. 
Similarly to the studies of Sections 5.3.2 and 6.2.2, the connection tensile capacities are 
considered as equal to 40% of the maximum compressive axial load of the system with 
rigid connection compressive behaviour (Eqn.5.7) and the connection equivalent lever-arms 
( d ) are considered as equal to 75% of the vertical distance between the connection 
compressive centres ( D ). For simplicity, the effective axial stiffness of the system is 
considered as equal in both tension and compression. The responses have been obtained by 
the analytical method of Chapter 4. 
 
As defined in Section 5.3.2, the yield capacity of the beam system depends on the 
connection moment capacities; therefore, it is independent of the connection compressive 
capacities provided the connection moment capacities are governed by the connection 
tensile capacities ( TRdF ). When the connection moment capacities are governed by the 
connection compressive capacities ( CRdF ) however, the yield capacity of the beam decreases 
with decreasing CRdF . In this regard, the features of the response vary depending on which 
connection component governs the connection moment capacity as shown in Fig.6.9. 
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Figure 6.9   Effects of the connection compressive capacities on the response of axially 
restrained beams with elastic-perfectly plastic connection tensile behaviour 
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Connection moment capacities governed by the tensile components 
Provided the connection moment capacities are governed by the connection tensile 
capacities and the connection compressive capacities are less than the maximum 
compressive forces given in Eqn.6.13 (i.e. CCRdTRd FFF max<< ), the compressive behaviour 
after yielding of the connection tensile components is similar to the behaviour of the 
corresponding simply supported beams explored in Section 6.3.1. Therefore, prior to 
yielding of the connection compressive components, the response is identical to the 
response of the corresponding system with rigid connection compressive behaviour (i.e. 
CC
Rd FF max≥ ). After yielding of the connection compressive components and within the 
initial phase of the compressive stage (i.e. Cww max≤ ), the connection compressive forces 
are constant and equal to the connection compressive capacities (Fig.6.9b). Due to the 
perfectly plastic connection post-limit tensile behaviour, the axial load is constant 
(Fig.6.9d). Therefore, the axial deformations of the beam and the support are constant and 
further increase in the compressive deformation of the system is associated with connection 
compressive deformations (Fig.6.9c). In the unloading phase of the compressive stage (i.e. 
Cww max> ), the connection compressive deformations are constant and the decrease in the 
axial deformation of the system leads to a decrease in the compressive deformations of the 
beam and the support. Therefore, the beam compressive axial load and the connection 
compressive forces decrease accordingly.  
 
When the compressive deformation of the system equals the sum of the connection 
compressive deformations (Fig.6.9c), the axial deformations of the beam and the support 
and, therefore, the beam axial load are zero (Fig.6.9d). Within the subsequent transient 
tensile stage, the decrease in the compressive deformation of the system is associated with 
tensile deformations of the beam and the support; thus, the beam axial load becomes tensile 
and the connection compressive forces decrease. When the beam axial load equals the 
connection tensile forces, the beam compressive forces equal zero. In the final tensile 
catenary stage, the beam axial load is constant and equal to the connection tensile 
capacities; therefore, the axial deformations of the beam and the support are constant and 
further increase in the axial deformation of the system leads to axial extensions of the 
connections.  
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Similarly to the corresponding simply supported beams (Section 6.3.1), a decrease in the 
connection compressive capacity may lead to decreases in the maximum static and pseudo-
static compressive arching capacities (Fig.6.9e and Fig.6.9f). The maximum pseudo-static 
capacity within the compressive arching stage may be defined by the sum of the yield 
capacity of the system ( ydq ) given in Eqn.5.28 and the maximum pseudo-static compressive 
arching capacity ( max
,Cdq ). The latter is defined with respect to 0,Cdq  (Eqn.5.13) by Fig.6.8a, 
based on the ratio between ( )TRdCRd FF −  and CN max (Eqn.5.7). Furthermore, yielding of the 
connection compressive components within the compressive arching stage results in an 
increase in the pseudo-static capacity within the tensile stage as shown in Fig.6.9f, similarly 
to the corresponding simply supported beams (Section 6.3.1). 
 
Connection moment capacities governed both by the tensile and compressive components 
Provided the connection moment capacities are governed both by the connection tensile and 
compressive capacities (i.e. TRdCRd FF = ), the connection post-limit compressive and tensile 
forces are equal and, therefore, the beam axial load is zero (Fig.6.9d.) within the initial 
phase of the response ( Cww max≤ ). Therefore, the axial deformations of the beam and the 
support are zero and the compressive deformation of the system is solely associated with 
connection compressive deformations as shown in Fig.6.9c. Consequently, the effects of 
the axial restraint are negligible within this phase of the response and the behaviour is 
identical to the behaviour of the corresponding axially unrestrained beams as shown in 
Fig.6.9e and Fig.6.9f. 
 
In the subsequent phase of the response ( Cww max> ) on the other hand, the connection 
compressive deformations are constant and the decrease in the compressive deformation of 
the system is associated with tensile deformations of the beam and the support. Therefore, a 
tensile axial load develops (Fig.6.9d) which increases according to the decrease in the 
compressive deformation of the system (transient tensile stage). The connection tensile 
forces remain constant and the connection compressive forces decrease accordingly as 
shown in Fig.6.9b until the development of tensile catenary action. Due to the tensile axial 
load generated within the transient tensile and tensile catenary stages of the response, the 
corresponding beam static and pseudo-static capacities increase accordingly as shown in 
Fig.6.9e and Fig.6.9f respectively. 
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Connection moment capacities governed by the compressive components 
When the connection moment capacities are governed by the connection compressive 
capacities (i.e. TRdCRd FF < ), the connection rotations are governed by the connection post-
limit compressive deformations prior to yielding of the connection tensile components. 
Therefore, the sum of the connection compressive deformations exceeds the total 
compressive deformation of the system within this phase of the response as shown in 
Fig.6.9c. In this regard, the axial deformations of the beam and the supports and, therefore, 
the beam axial load are tensile (transient tensile stage). Since the connection post-limit 
compressive forces are constant (Fig.6.9b), both the connection tensile forces and the beam 
tensile axial load (Fig.6.9d) increase until yielding of the connection tensile components 
takes place. The maximum tensile axial load within the elastic phase of the connection 
tensile components increases as the connection compressive capacities decrease; therefore, 
the connection moment capacities associated with the connection tensile capacities decrease 
(Chapter 3). Consequently, the corresponding yield capacity of the beam decreases 
accordingly as shown in Fig.6.9e.  
 
The connection post-limit tensile forces are constant and equal to the connection tensile 
capacities; therefore, the beam tensile axial load is initially ( Cww max≤ ) constant and equal 
to the difference between the connection tensile and compressive capacities (Fig.6.9d). 
Consequently, the beam static capacity increases linearly with respect to the increase in the 
beam deflection as shown in Fig.6.9e. In particular, the rate of increase in the beam static 
capacity increases as the beam tensile axial load increases. In addition, as the connection 
compressive capacities decrease and the tensile axial load increases, the tensile 
deformations of the beam and the support increase and, therefore, the connection 
compressive deformations increase within this phase of the response (Fig.6.9c). 
 
In the subsequent phase of the response ( Cww max> ), the connection compressive 
deformations are constant. Provided the connection compressive capacities are not zero (i.e. 
2TRd
C
Rd FF =  in Fig.6.9), the decrease in the compressive deformation of the system 
initially causes an increase in the tensile deformations of the beam and the support; 
therefore, the tensile axial load increases accordingly and the connection compressive 
forces decrease until the development of tensile catenary action. If the connection 
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compressive capacities are zero (i.e. 0=CRdF  in Fig.6.9) however, further increase in the 
beam axial load is not possible and the decrease in the compressive deformation of the 
system results in axial extensions of the connections. It is shown that the response 
associated with zero connection compressive capacities is similar to the response associated 
with zero connection compressive stiffness (Section 6.2.2). However, in the latter case, the 
decrease in the compressive deformation of the system leads to a decrease in the connection 
compressive deformations, whereas in the former case, the decrease in the compressive 
deformation of the system results directly in axial extensions of the connections. 
 
 
6.3.2.2 Bi-linear connection tensile characteristics 
 
Strain hardening of the connection tensile components is associated with an increase in the 
connection post-limit tensile forces with respect to the increase in the connection tensile 
rotations. Provided the connection compressive behaviour is rigid, the connection 
compressive forces increase accordingly; therefore, the beam deflection corresponding to 
the connection maximum compressive forces depends on the connection post-limit tensile 
stiffness and it is defined based on Eqn.5.6, Eqn.5.20 and Eqn.5.23 as follows: 
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Accordingly, the connection maximum compressive forces are defined as shown next: 
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The connection compressive capacities ( CRdF ) are not exhausted provided they are not less 
than the maximum compressive forces given in Eqn.6.15; therefore, the connection 
compressive response remains rigid and the system exhibits the behaviour described in 
Section 5.3.2. When the connection post-limit tensile stiffness is zero, the connection post-
limit tensile behaviour is perfectly plastic; therefore Eqn.6.14 and Eqn.6.15 are identical to 
Eqn.6.12 and Eqn.6.13 respectively. As confirmed by Eqn.6.15 and Eqn.6.14 respectively, 
by increasing the connection post-limit tensile stiffness, the connection maximum 
compressive forces ( CFmax ) and the corresponding beam deflection ( Cwmax ) increase.  
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With regard to the corresponding responses of the axially restrained beams with perfectly 
plastic connection post-limit tensile behaviour shown in Fig.6.9, the additional effects of 
the interplay between the connection post-limit tensile stiffness and compressive capacities 
on performance are illustrated in Fig.6.10.  
 
An increase in the connection post-limit tensile stiffness causes a decrease in the rate of 
increase in the connection post-limit tensile rotations and an increase in the rate of increase 
in the connection compressive rotations; therefore, the connection compressive 
deformations within the initial post-limit phase of the response (i.e. Cww max≤ ) increase 
accordingly as shown in Fig.6.10c. Provided the connection post-limit compressive 
behaviour is perfectly plastic, the connection post-limit compressive forces are constant; 
therefore, the increase in the connection post-limit tensile forces is associated with an 
increase in the beam axial load (Fig.6.10d) and an increase in the axial deformations of the 
beam and the support. Since the rate of increase in the connection compressive rotations 
with respect to the increase in the beam deflection decreases (Fig.6.10c) in this phase of the 
response, the rate of increase in the connection tensile rotations increases; therefore, the rate 
of increase in the beam axial load increases accordingly as the beam deflection increases. 
 
In the subsequent phase of the response (i.e. Cww max> ), the connection compressive 
deformations are constant and, prior to the tensile catenary stage, the connection tensile 
forces increase linearly with respect to the beam deflection. The decrease in the axial 
deformation of the system leads to increases in the axial deformations of the beam and the 
support; therefore the beam axial load increases accordingly and the connection 
compressive forces decrease until the development of tensile catenary action. 
 
It is concluded that an increase in the connection post-limit tensile stiffness causes an 
increase in the tensile effects, regardless of the connection compressive behaviour. 
Provided the connection compressive behaviour is rigid, the tensile effects increase due to 
an increase in the connection post-limit tensile forces as discussed in Section 5.3.2. When 
the connection compressive capacities are exhausted, the tensile effects increase due to 
increases in both the connection post-limit tensile forces and the beam axial load. The 
significance of the connection rotation capacities increases by decreasing the connection 
compressive capacities and/or by increasing the connection post-limit tensile stiffness. 
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Figure 6.10   Effects of the connection compressive capacities on the response of axially 
restrained beams with bi-linear connection tensile behaviour 
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6.4 Interplay between the connection compressive parameters 
 
The effects of finite connection compressive stiffness and capacities on the behaviour of 
axially restrained beams have been studied individually in Sections 6.2 and 6.3 
respectively. Based on these studies, the effects of the interplay between the connection 
compressive parameters on performance are explored in this Section. The interplay between 
finite connection compressive stiffness and capacities is studied in Section 6.4.1, whereas 
the effects of the connection compressive strain hardening are explored in Section 6.4.2. 
 
 
6.4.1 Elastic-perfectly plastic connection compressive characteristics 
 
The beam responses associated with rigid-perfectly plastic connection compressive 
behaviour and various connection compressive capacities shown in Fig.6.9 are compared in 
Fig.6.11 with the responses of the corresponding systems with elastic-perfectly plastic 
connection compressive behaviour. The connection initial compressive stiffness of the latter 
systems is considered as equal to eight times the effective axial stiffness of the beam and 
the support (i.e. 8=aC KK ). The responses of the corresponding systems with rigid 
connection compressive behaviour are also compared in Fig.6.5. 
 
As defined in Section 6.2.2, the initial rotational stiffness, the yield capacity and the 
compressive effective axial stiffness of the system decrease as the connection compressive 
stiffness decreases. These effects may govern the response prior to yielding of the 
connection compressive components. Provided the connection moment capacities are 
governed by the connection compressive capacities however, a decrease in the connection 
initial compressive stiffness results only in a decrease in the initial rotational stiffness of the 
system as shown in Fig.6.11. When the connection moment capacities are governed by the 
tensile capacities on the other hand, a decrease in the connection initial compressive 
stiffness leads also to decreases in the connection moment capacities and the compressive 
effective axial stiffness of the system. Therefore, the effects of finite connection initial 
compressive stiffness decrease as the connection compressive capacities decrease and they 
are rather limited when the connection moment capacities are governed by the connection 
compressive capacities. 
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Figure 6.11   Interplay between finite connection compressive capacities and initial 
stiffness 
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The initial phase of the post-limit response (i.e. Cww max≤ ) is independent of the level of 
the connection initial compressive stiffness as shown in Fig.6.11. In the subsequent post-
limit phase (i.e. Cww max> ) and prior to the tensile catenary stage however, a decrease in 
the connection initial compressive stiffness results in relative decreases in the connection 
compressive deformations as compared to the systems with rigid initial compressive 
behaviour (Fig.6.11c). Therefore, the axial deformations of the beam and the support and 
the beam axial load decrease (Fig.6.11d) and the connection compressive forces increase 
accordingly (Fig.6.11b). In this regard, the compressive arching and/or the transient tensile 
stages increase. However, the above effects decrease as the connection compressive 
capacities decrease, similarly to the elastic stage of the response. 
 
 
6.4.2 Bi-linear connection compressive characteristics 
 
The beam responses associated with elastic-perfectly plastic connection compressive 
behaviour and various levels of the connection compressive capacities shown in Fig.6.11 
are compared in Fig.6.12 with the responses of the corresponding systems with bi-linear 
connection compressive behaviour. In the latter systems, the connection post-limit 
compressive stiffness is considered as equal to 2% of the connection initial compressive 
stiffness. 
 
Within the initial post-limit phase of the response (i.e. Cww max≤ ), an increase in the 
connection post-limit compressive stiffness leads to increases in the connection post-limit 
compressive forces with respect to the increase in the connection compressive deformations 
as shown in Fig.6.12a and Fig.6.12b. In addition, the rate of increase in the connection 
post-limit compressive deformations decreases as shown in Fig.6.12c; therefore, the 
corresponding axial deformations of the beam and the support as well as the beam axial 
load decrease accordingly (Fig.6.12d). As the connection compressive capacities increase 
however, the connection post-limit compressive deformations decrease, regardless of the 
level of the connection post-limit compressive stiffness; therefore, the above effects 
decrease accordingly as shown in Fig.6.12. In particular, strain hardening of the connection 
compressive components may have a distinct influence on performance when the 
connection moment capacities are governed by the connection compressive capacities. 
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Figure 6.12   Interplay between the connection compressive capacities and post-limit 
stiffness 
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The above effects influence accordingly the response within the subsequent phase (i.e. 
Cww max> ) and prior to the tensile catenary stage as shown in Fig.6.12. In particular, due to 
the increase in the connection post-limit compressive forces within the previous phase of 
the response, the beam deflection associated with the transition from the transient tensile to 
the tensile catenary stage increases. Similarly to the previous phase however, these effects 
decrease as the connection compressive capacities increase and, therefore, they are more 
pronounced when the connection moment capacities are governed by the compressive 
capacities. 
 
 
6.5 Summary and conclusions 
 
A study of the connection compressive behaviour in axially restrained beams subject to 
column removal has been presented in this Chapter. It has been confirmed that the complex 
nature of the response of axially restrained beams mainly results from the connection 
compressive behaviour, which normally has a significant influence on performance prior to 
entering the tensile catenary stage. The outcomes of this study assist with the scientific 
understanding of the compressive behaviour of axially restrained beams in progressive 
collapse and provide useful information of practical significance regarding the possible 
effects of the connection compressive response on performance. 
 
From a practical point of view, the most important outcome is that the axially restrained 
beams may exhibit compressive arching response only when the connection moment 
capacities are governed by the capacities of the tensile components. The compressive 
arching behaviour however, may be influenced considerably by the connection compressive 
stiffness and, most importantly, by the connection compressive capacities. 
 
Provided the connection compressive behaviour is elastic, a decrease in the connection 
compressive stiffness leads to a decrease in the effective compressive stiffness of the 
system and, therefore, a corresponding decrease in the maximum pseudo-static compressive 
arching capacity. In particular, the effects of the connection compressive stiffness on the 
compressive arching action are similar to the corresponding effects of the beam flexural 
stiffness defined in Chapter 5. Similarly, a decrease in the connection compressive capacity 
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may cause a decrease in the compressive arching effects. Yielding of the connection 
compressive components results in decreases in both the maximum pseudo-static 
compressive arching capacity and the compressive arching stage. In particular, as the 
connection compressive capacity decreases, the rate of decrease in the maximum pseudo-
static compressive arching capacity increases. 
 
In addition, a decrease in the connection elastic compressive stiffness may result in a 
decrease in the yield capacity of the beam system provided the connection moment 
capacities are governed by the resistances of the tensile components. In particular, the 
connection moment capacities may decrease provided a tensile axial load is developed 
within the elastic stage of the response due to significant connection compressive 
deformations. Unless the connection compressive stiffness is substantially low however, the 
decrease in the yield capacity of the system is likely to be rather insignificant. 
 
When the connection moment capacities are governed by the connection compressive 
capacities on the other hand, performance is mainly governed by tensile effects. 
Accordingly, the behaviour is essentially independent of the connection elastic compressive 
stiffness and depends only on the connection compressive capacities and post-limit 
stiffness. In particular, as the connection compressive capacities decrease, the connection 
moment capacities decrease and, therefore, the yield capacity of the system decreases 
accordingly. Strain hardening of the connection compressive components may slightly 
enhance performance, especially when the connection post-limit compressive stiffness is 
relatively high and the connection compressive capacities are significantly low.  
 
Finally, by decreasing the connection compressive capacities and/or the connection initial 
compressive stiffness, the connection compressive deformations increase. Provided the 
beam ultimate capacity depends on the deformation capacity of the connection tensile 
components, an increase in the connection compressive deformations leads to an increase in 
the ductility of the system; consequently, the possibility for failure to occur in the tensile 
stage of the response increases. Most importantly, an increase in the connection rotation 
capacities is more effective in increasing the ultimate capacity of the system when the 
compressive arching action is limited and the response is governed by tensile effects; 
therefore, as the connection compressive capacities and/or stiffness decrease, the 
significance of the connection available ductility may increase. 
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Chapter 7 
 
Performance of grillage systems following 
sudden column loss 
 
 
7.1 Introduction 
 
An important feature of the Imperial College framework for progressive collapse 
assessment is its applicability at various levels of structural idealization (Izzuddin et al., 
2008). While building performance following sudden column loss can most effectively be 
represented by extensive models (i.e. full structure or substantial substructure), reasonably 
accurate approximations may also be obtained by considering lesser levels of 
sophistication, provided the corresponding affected area is modelled in a suitable form. The 
first level of model reduction may consider only the directly affected bay provided the 
interaction with the surrounding structure is represented by suitable boundary conditions. If 
the remaining columns of the affected bay can resist the redistributed loading, the model 
can further be reduced to the system of the affected floors above the failed column. 
Moreover, consideration may be given only to a single floor model when the affected floors 
are identical in terms of structure and loading. Finally, by ignoring membrane effects in the 
slab, the floor system can be modelled based on a simplified grillage approximation 
composed of individual bare steel or composite beams. 
 
Grillage performance following sudden column removal can be quite accurately 
approximated by assembling the pseudo-static responses of the individual beams according 
to the multi-level approach of the Imperial College method (Izzuddin et al., 2008). In this 
regard, the assembled response of a grillage system is directly associated with the responses 
of the corresponding individual members and, therefore, it depends on the various structural 
parameters that influence beam performance defined in Chapters 5 and 6. With regard to 
the effects of those parameters on beam performance, the behaviour of grillage systems is 
studied in this Chapter. 
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The study focuses on a specific regular grillage configuration, representative of average 
practical arrangements that are employed in steel and composite buildings. The grillage is 
designed as both bare steel and composite so as to enable comparison between the 
behaviour of the two types of structure. Various column removal scenarios are considered 
for each structure type depending on the position of the initial damage which defines 
accordingly the planar boundary conditions of the corresponding affected floor areas. In 
this regard, useful outcomes associated with the robustness of different areas of the building 
are obtained. 
 
The outcomes of the study highlight the possible forms of behaviour depending on the  type 
of structure, the grillage configuration and the boundary conditions of the affected floor 
area and, most importantly, indicate which parameters may render a building (or a specific 
area of the building) susceptible to progressive collapse due to sudden column loss. As 
defined in Chapter 5, beam performance is most effectively enhanced in practice by 
increasing the connection strength; accordingly, the effects of increasing the connection 
strength – implemented by increasing the connection endplate thickness – on enhancing 
grillage performance are explored individually in the Chapter. 
 
 
7.2 Grillage specifications 
 
The study explores the progressive collapse behaviour of regular steel-framed buildings 
based on the second lowest level of model reduction consisting of a simplified grillage 
model. By considering a representative floor layout and loading, a specific grillage system 
is designed based on the concept of simple construction where the beams are considered as 
simply supported and the connections as nominally pinned. Since the study focuses only on 
a single floor, no consideration is given to the lateral resisting system of the building and 
the column sections are considered as rigid.  
 
One of the aims of the study is to identify the possible variations in the form of behaviour 
between bare steel and composite buildings; in this regard, both types of structure are 
considered. Accordingly, for the given floor layout and loading, both the beams and the 
connections are designed as bare steel and composite respectively. 
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Regardless of the type of structure however, the objective of the study is to identify links 
between the grillage behaviour and the key parameters that influence performance of the 
corresponding individual beam systems defined in Chapters 5 and 6. This may be facilitated 
considerably by reducing the number of the different connection arrangements and beam 
cross-sections that constitute the grillage system. In this regard, the grillage design is based 
on several appropriate simplifications which essentially aim to reduce the number of the 
different structural components of the system. 
 
 
7.2.1 Floor layout and loading 
 
The floor layout of the building under consideration is defined by a 7.2×4.8 metres column 
grid as shown in Fig.7.1. Following the most common arrangements adopted in practice, 
the most heavily-loaded primary beams are arranged to span the shorter (transverse) 
distance in order to minimise their depths, whereas the secondary beams are arranged to 
span the greater (longitudinal) distance of the grid. As shown in Fig.7.1, the transverse 
spacing between the secondary beams and, therefore, the span of the slab is equal to 2.4m. 
 
 
Figure 7.1   Plan view of the floor area 
 
For simplicity, the vertical loading is considered as uniformly distributed over the floor 
area; therefore no additional concentrated or peripheral (façade) loads are considered. The 
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values of the unfactored dead ( kg ) and imposed ( kq ) loads per unit area respectively are 
considered as follows: 
 
2mkN24.g k =  (7.1) 
 
2mkN05.qk =  (7.2) 
 
Based on the above values, the design load per unit area ( Edq ) is equal to 13.17kN/m2 as 
defined by the following combination of actions: 
 kkEd q.g.q 51351 +=  (7.3) 
 
The slab is designed as composite consisting of a 0.9mm steel decking (S510) and 
lightweight C30 concrete. As defined by the cross-section of the slab shown in Fig.7.2, the 
height of the steel decking is 60mm and the total depth of the slab is 130mm; therefore, the 
depth of the solid concrete flange is 70mm. For single-span construction, the sagging 
moment capacity of the cross-section is 52.1kNm/m which satisfies the ultimate limit state 
condition and the corresponding elastic stiffness is 1725kN/m2/m which satisfies the 
serviceability limit state condition associated with the maximum deflection at the mid-span. 
 
 
Figure 7.2   Dimensions and properties of the composite slab 
 
Nevertheless, the design of composite slabs most likely depends on additional criteria such 
as the deflection of the steel decking during the construction stage, the bending resistance 
of the slab in fire conditions and serviceability issues associated with excessive vibrations. 
However, a more thorough design is beyond the scope of the current study since, with 
regard to the progressive collapse response of a grillage system, the effects of the slab on 
performance are likely to be minor. In particular, the slab dimensions and properties may 
slightly influence the compressive and flexural stiffness of composite beams and, therefore, 
the corresponding compressive arching behaviour in the presence of axial restraint 
according to Chapter 5. 
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7.2.2 Beam design 
 
As discussed previously, the beams are designed as both bare steel (i.e. with no shear 
connection between the steel section and the composite slab) and composite. For the 
composite beams, full shear connection between the bare steel section and the composite 
slab is considered. In both cases, the beams are designed as simply supported based on the 
corresponding ultimate and serviceability limit state requirements. 
 
The beam design bending moment – as defined by the design load per unit length ( b,Edq ) 
with respect to the beam transverse spacing and the floor loading given in Eqn.7.3 – is 
given by the following equation: 
 82
,
LqM Edbb,Ed =  (7.4) 
 
In addition, with regard to the total unfactored loading given in Eqn.7.1 and Eqn.7.2, a 
maximum mid-span deflection limit equal to L/200 is adopted. 
 
As noted previously, the simplicity of the grillage system is a rather important parameter 
for the current study. In this regard, both the internal and edge beams in each direction of 
the floor area are designed based on the same design loading, i.e. the design loading of the 
corresponding internal beams. Furthermore, due to the relatively low difference between 
the design bending moments (Eqn.7.4) of the longitudinal and transverse beams (i.e. 
204.8kNm and 273.1kNm respectively), the same steel sections are employed in both 
directions of the floor area. In this regard, the beam cross-sections are defined based on the 
highest design bending moment by also taking into account the above deflection limit. 
 
By considering S355 steel grade, the bare steel and composite beams have been designed 
according to the provisions of EN 1993-1-1 (2005) and EN 1994-1-1 (2004) respectively 
and the corresponding serial sizes of the steel sections are given in Table 7.1. The slab 
effective breadth of the composite beams is not limited by the beam transverse spacing; 
therefore, the plastic moment capacity may vary according to the beam span. Furthermore, 
the plastic neutral axis of the composite cross-section is within the solid part of the concrete 
flange for both the longitudinal and transverse composite beams. 
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Table 7.1   Beam dimensions and properties 
 
As shown in Table 7.1, the depth ( bD ) of the composite beam – defined by the sum of the 
depth of the bare steel section and the total height of the concrete slab (i.e. 130mm) – is 
similar to the depth of the bare steel beam; accordingly, the corresponding beams of the two 
structures have similar span-to-depth ratios ( bDL ). Furthermore, the plastic moment 
capacities ( RdbM , ) of the bare steel and composite beams are similar. On the other hand, the 
flexural stiffness of the composite beams is distinctly higher; therefore, the corresponding 
maximum mid-span deflections ( maxδ ) are lower. 
 
 
7.2.3 Connection design 
 
Previous studies (Vlassis et al., 2008) have demonstrated the limited efficiency of simple 
partial-depth endplate and fin-plate connections to provide adequate robustness in steel-
framed buildings, especially in the absence of composite action. In this respect, full-depth 
endplate connections are adopted in this study, which normally exhibit a rather enhanced 
performance. However, it should be noted that, although the grillage design is based on the 
concept of simple construction, full-depth endplate connections are typically classified as 
semi-rigid and/or partial strength. 
 
Nevertheless, the connections are designed as simple based on the corresponding maximum 
shear forces at the remote ends of the nominally simply supported beams. In order to 
further simplify the study, the same connection endplate arrangements are used for all the 
connections of each structure as shown in Fig.7.3 and Fig.7.4 respectively. In this regard, 
the connections are designed based on the highest design shear force which corresponds to 
the primary beams and it is equal to 227.6kN. 
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Figure 7.3   Dimensions and properties of the bare steel connections 
 
 
Figure 7.4   Dimensions and properties of the composite connections 
 
As noted previously, the column sections are considered as rigid; therefore, they are 
excluded from the design of the beam-to-column connections. Similarly, the supporting 
beams and the corresponding weld preparations of the beam-to-beam connections shown in 
Fig.7.3 and Fig.7.4 are considered as rigid and they are accordingly excluded from the 
design. Therefore, the characteristics of the various connection arrangements of each 
structure shown in Fig.7.3 and Fig.7.4 respectively are identical since they are solely 
associated with the dimensions and properties of the endplate T-stubs. Based on the 
material properties shown in Table 3.1, the yield capacities ( RdiF , ) and initial stiffness ( eiK ) 
of the active components have been determined according to the component method of EN 
1993-1-8 (2005) and EN 1994-1-1 (2004) and they are presented in Table 7.2. For both 
connections, the yield capacities of the bolt-rows are governed by the endplate bending 
resistance. Elastic-plastic with 1% strain hardening and rigid-perfectly plastic 
characteristics are considered for the tensile and compressive components respectively as 
shown in Table 7.2. 
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The connection structural parameters are shown in Table 7.3. For both connections, the 
shear capacity is governed by the endplate shear resistance. For the remaining connection 
structural properties, both the values associated with hogging (noted quantities) and sagging 
bending moments are presented in Table 7.3. It is shown that the bare steel connection 
exhibits similar behaviour for both signs of bending moment due to its rather symmetric 
geometry, whereas the composite connection exhibits an enhanced behaviour under 
hogging bending moment due to the contribution of the connection reinforcement. 
 
 
Table 7.2   Connection component characteristics 
 
 
Table 7.3   Connection structural properties 
 
Since the supporting sections are considered as rigid, the connection compressive capacities 
are associated with the compressive capacities of the beam flanges ( RdbfF , ) shown in the 
last row of Table 7.2. The connection tensile capacities shown in Table 7.3 are associated 
with the sum of the yield capacities of the connection tensile components shown in Table 
7.2. Finally, the connection rotational stiffness shown in Table 7.3 is solely associated with 
the stiffness of the connection tensile components since the initial compressive behaviour 
of the beam flanges is considered as essentially rigid (Table 7.2) according to EN 1993-1-8 
(2005). 
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7.2.4 Connection failure criteria 
 
Provided the connection compressive components exhibit relatively high deformation 
capacities, the connection rotation capacity is governed by the deformation capacities of the 
tensile components. In this regard, the rotation capacities of the connection arrangements 
shown in Fig.7.3 and Fig.7.4 are governed by the lowest between the deformation capacity 
of the endplate in bending, the bolts in tension and the reinforcement in tension. The most 
critical component deformation capacities ( fi'∆ , fi∆ ) and the corresponding connection 
rotations ( f1'θ , f1θ ) associated with hogging (support connection) and sagging (mid-span 
connection) bending moment are shown in Table 7.4. The highlighted values indicate the 
most critical components and the corresponding rotation capacity of each connection. 
 
The endplate deformation capacities have been defined based on the connection initial 
stiffness and strength (Table 7.3) by considering that failure occurs when the connection 
rotation associated with deformation of the tensile components equals 100 times the 
corresponding yield rotation. As shown in Table 7.4, the corresponding deformation 
capacities of the most remote bolt-rows are close to the limit of 30mm which has been 
defined as an average value based on a correlation between several experimental results 
(Vlassis, 2007). On the other hand, the deformation capacities corresponding to bolt failure 
have been defined based on the bi-linear force-deformation characteristic of the most 
remote bolt-row (Table 7.2) and the corresponding bolt capacities. Finally, the deformation 
capacity of the connection reinforcement has been defined based on the corresponding 
simplified model proposed by Anderson et al. (2000). The latter parameter may govern 
only the deformation capacity of the support connection as shown in Table 7.4. 
 
 
Table 7.4   Deformation capacities of the connection tensile rows 
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7.3 Progressive collapse assessment 
 
The progressive collapse responses of the bare steel and composite grillage structures 
designed in Section 7.2 are assessed in this Section based on the alternative load path 
concept of sudden column removal. The analysis is performed by using the analytical 
method of Chapters 3 and 4 and the Imperial College basic framework for progressive 
collapse assessment (Izzuddin et al., 2008). 
 
By considering the lowest level of structural idealization at first, the nonlinear static 
responses of the individual bare steel and composite beam systems are obtained based on 
the analytical method of Chapter 4. Subsequently, the nonlinear static responses are 
converted into pseudo-static by using the corresponding simplified energy-equivalence 
approach of the Imperial College framework. The basic features of the resulting pseudo-
static curves are appraised based on the outcomes of Chapters 5 and 6. 
 
The pseudo-static responses of the bare steel and composite grillage systems are then 
obtained by assembling the corresponding responses of the individual beams based on the 
simplified multi-level method of the Imperial College framework. With regard to the 
pseudo-static responses of the corresponding beam systems, the grillage pseudo-static 
curves are appraised based on the effects of the various structural parameters on beam 
performance defined in Chapters 5 and 6. 
 
 
7.3.1 Layout of the study 
 
For the bare steel and composite grillage systems respectively, nine different column 
removal scenarios associated with different positions of the initial damage within the floor 
area are considered. The various column removal cases are indicated in the plan view of the 
floor area in Fig.7.1 and illustrative representations of the corresponding affected grillage 
systems are also shown in Fig.7.5. In particular, four internal column removal cases (Ii), 
four edge column removal cases (Ei) and the corner column removal case (C1) are 
considered. The configurations and/or the boundary conditions of the affected areas vary 
depending on the position of the removed column. 
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Figure 7.5   Column removal scenarios and corresponding affected grillage systems 
 
The beams that are affected by edge column removal when their direction is perpendicular 
to the corresponding edge and the beams that are affected by the corner column removal are 
conservatively considered as cantilevers, by ignoring the relatively limited contribution of 
their connections in the regions of sagging bending moments. On the other hand, the beams 
that are affected by removal of a penultimate column (i.e. I2, I4 and E2 in the longitudinal 
and I3, I4 and E4 in the transverse direction respectively) and they are oriented 
perpendicularly to the corresponding edge are considered as axially unrestrained. The 
remaining beams are considered as axially restrained with their degree of axial restraint 
being approximately defined by the effective axial stiffness of the adjacent beam and the 
connection on the opposite side of the joint. Due to the recurrent arrangement of the floor 
area, the adjacent structural components are identical to the corresponding components of 
the axially restrained beam systems. 
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Regardless of the beam boundary conditions, grillage performance following column 
removal is defined according to the deformation mode and the corresponding beam 
deformation compatibility factors (β) shown in Fig.7.6. 
 
 
Figure 7.6   Deformation mode of a single structural bay and beam compatibility factors 
 
A comparison between the various affected grillage systems shown in Fig.7.5 with respect 
to their configurations and boundary conditions – as defined by the number, the 
deformation compatibility factors and the boundary conditions of the corresponding 
affected beams – is given in Table 7.5. 
 
 
Table 7.5   Grillage configurations and boundary conditions 
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7.3.2 Pseudo-static responses of the individual beams 
 
The nonlinear static responses of the individual bare steel and composite beams have been 
obtained by using the analytical method of Chapter 4. Based on the simplified energy-
equivalence approach of the Imperial Collage framework (Izzuddin et al., 2008), the 
nonlinear static responses have been converted into pseudo-static. The resulting pseudo-
static curves of the bare steel and composite beams are presented in Fig.7.7 and Fig.7.8 
respectively. Besides the responses of the axially restrained, axially unrestrained and 
cantilever beams, the corresponding responses of the axially restrained beams with infinite 
connection compressive capacities are also presented in order to highlight the maximum 
potential compressive arching effects – as defined by the corresponding effective axial 
stiffness of the system and the beam span-to-depth ratio (Chapter 5) – and, most 
importantly, the influence of finite connection compressive capacities on the compressive 
arching behaviour of the axially restrained systems (Chapter 6). 
 
In order to facilitate appraisal of performance of the various beam systems – especially with 
respect to the outcomes of Chapters 5 and 6 – several key-points of the pseudo-static curves 
are also depicted in Fig.7.7 and Fig.7.8. These represent the points of yielding of the beam 
compressive flanges (which influence accordingly the compressive arching behaviour of 
the axially restrained beams as established in Chapter 6), the points associated with failure 
of the various connection tensile components (i.e. endplates, bolts and reinforcement) – 
according to the corresponding deformation capacities defined in Section 7.2.4 – and the 
limits between the various stages of the responses of the axially restrained systems (i.e. the 
point of transition from the compressive to the transient tensile stage and the beginning of 
the final tensile catenary stage respectively). 
 
Clearly, performance beyond failure of the most critical component of either the support or 
the mid-span connection is mainly of academic interest. In particular, representation of a 
substantial part of the response beyond the theoretical failure facilitates understanding the 
form of behaviour – especially with respect to the effects of the compressive arching and 
tensile catenary actions on performance of axially restrained beams – and assists with 
appreciating the significance of the connection available ductility with respect to its 
influence on the beam ultimate capacity. 
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Figure 7.7   Pseudo-static responses of the bare steel beams 
 
Chapter 7:   Performance of grillage systems following sudden column loss 
 217 
 
Figure 7.8   Pseudo-static responses of the composite beams 
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Yield capacity 
As defined in Section 5.3.2.1, the yield capacity of a beam system (i.e. defined by the 
change in the stiffness of the axially unrestrained or cantilever beams in Fig.7.7 and 
Fig.7.8) depends on the beam span and the sum of the connection moment capacities 
(Eqn.5.28). Based on the connection moment capacities shown in Table 7.3, values of the 
beam yield capacities ( ydP ) have been calculated based on Eqn.5.28 (by considering 1=a ) 
and the results are presented in Table 7.6. It is confirmed that the resulting capacities are 
similar to those defined by the curves of Fig.7.7 and Fig.7.8. 
 
 
Table 7.6   Yield capacities of the beam systems 
 
According to Eqn.5.28, a decrease in the beam span leads to an increase in the beam yield 
capacity. This is confirmed by comparing the yield capacities of the transverse (L=4.8m) 
bare steel and composite beams with the yield capacities of the corresponding longitudinal 
beams (L=7.2m) shown in Table 7.6 (or in Fig.7.7 and Fig.7.8). 
 
In addition, the beam yield capacity increases by increasing the connection moment 
capacities. Since the sum of the moment capacities of the composite connections is higher 
than the sum of the moment capacities of the bare steel connections (Table 7.3) – due to the 
higher moment capacity of the support composite connection – the yield capacities of the 
axially restrained and unrestrained composite beams are higher than the yield capacities of 
the corresponding bare steel beams. 
 
However, the yield capacities of the cantilever beams are solely associated with the 
moment capacities of the support connections. As shown in Table 7.3, the moment 
capacities of the support and mid-span bare steel connections are similar; therefore, the 
yield capacities of the cantilever bare steel beams are approximately half the yield 
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capacities of the corresponding axially restrained and unrestrained beams. On the other 
hand, the moment capacity of the support composite connection is substantially higher than 
the moment capacity of the corresponding mid-span connection (Table 7.3); therefore, the 
yield capacities of the cantilever composite beams are distinctly higher than half the yield 
capacities of the corresponding axially restrained and unrestrained beams. 
 
As defined by the connection compressive and tensile capacities shown in Table 7.2 and 
Table 7.3 respectively, the moment capacities of the support and mid-span bare steel 
connections are governed by the tensile components. Therefore, the post-limit capacities of 
the axially unrestrained and cantilever bare steel beams increase with respect to the increase 
in the beam deflection due to strain hardening of the connection tensile components as 
shown in Fig.7.7. Since the moment capacity of the support composite connection is 
governed by the beam flange compressive resistance however (Tables 7.2 and 7.3), the 
post-limit responses of the axially unrestrained and cantilever composite beams are limited 
by the perfectly plastic post-limit compressive behaviour of the support connection. In 
particular, the axially unrestrained composite beams exhibit limited strain hardening which 
is associated only with strain hardening of the mid-span connection, whereas the post-limit 
responses of the cantilever composite beams are essentially perfectly plastic. 
 
Compressive arching action 
The compressive arching effects on performance may be defined by comparing the 
responses of the axially unrestrained beams with the responses of the corresponding axially 
restrained systems with infinite connection compressive capacities. According to Section 
5.3.2.1, the compressive arching behaviour is enhanced by increasing the effective axial 
stiffness of the system and/or by decreasing the beam span-to-depth ratio, especially when 
the latter is implemented by increasing the beam depth. For the various beam systems, the 
values of the above parameters are summarised in Table 7.7. 
 
As shown in Table 7.7, D  (i.e. the vertical distance between the connection centres of 
compression as defined in Chapter 5) is similar for both the bare steel and composite 
beams. As defined in Section 5.4, aEIK  is the effective axial stiffness comprising of aK  
(i.e. the effective axial stiffness of the beam and the support, given in Eqn.5.4) and EIK  
(i.e. the equivalent axial stiffness associated with the beam flexural rigidity EI , given in 
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Eqn.5.43). According to Chapter 4, the axial and flexural stiffness of the composite beams 
may be approximately defined based on the corresponding uncracked and cracked values 
by considering a constant point of inflection at the mid-span. In this regard, for a specific 
beam span, the axial and flexural stiffness and, therefore, the effective axial stiffness of the 
bare steel and composite beam systems are similar as shown in Table 7.7. On the other 
hand, the effective axial stiffness of the transverse beams is higher as compared with the 
effective axial stiffness of the longitudinal beams due to the shorter span. 
 
 
Table 7.7   Maximum pseudo-static compressive arching capacities of the axially restrained 
beam systems with infinite connection compressive capacities 
 
Based on the above parameters, values of the maximum pseudo-static compressive arching 
capacity 0
,CdP  (i.e. the maximum compressive arching capacity of axially restrained beams 
with infinite connection compressive capacities) have been calculated by using the 
simplified model of Eqn.5.13 and the results are presented in Table 7.7. It is confirmed that 
the transverse beams exhibit significantly higher compressive arching effects due to the 
shorter spans and the lower effective axial stiffness, whereas the compressive arching 
responses of the bare steel and composite beams with the same spans are similar.  
 
The sum of 0
,CdP  (Table 7.7) and ydP  (Table 7.6) corresponds to the maximum capacity 
within the compressive arching stage. The resulting values shown in Table 7.7 however, are 
fractionally overestimated as compared to the corresponding maximum capacities defined 
by the responses of the axially restrained systems with infinite connection compressive 
capacities shown in Fig.7.7 and Fig.7.8. The lower values defined by the analytical method 
are associated with a decrease in absorbed energy within the initial stage of the response 
and, therefore, a corresponding decrease in the pseudo-static capacity (Section 5.3.2.1) as 
well as with a decrease in the connection moment capacities due to the beam tensile axial 
load developed within the elastic stage of the response (Section 5.4.2). 
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In addition, the compressive arching response of axially restrained beams may be affected 
considerably by yielding of the connection compressive components as established in 
Section 6.3. In particular, yielding of the connection compressive components takes place 
when the connection maximum compressive forces developed within the compressive stage 
of the response exceed the connection compressive capacities ( CRdF ). As defined in Section 
6.3.2.1 (Eqn.6.13), the connection maximum compressive force ( CFmax ) is associated with 
the sum of the connection tensile capacity ( TRdF ) and CN max  (i.e. the maximum compressive 
axial load of the corresponding system with infinite connection compressive capacities). 
Based on the effective axial stiffness aEIK  (Table 7.7), values of CN max  have been calculated 
by using Eqn.5.7 and the results are presented in Table 7.8. 
 
 
Table 7.8   Maximum pseudo-static compressive arching capacities of the axially restrained 
beam systems with finite connection compressive capacities  
 
Since CN max  is equal for the support and mid-span connections, the connection with the 
minimum difference between CRdF  and 
T
RdF  yields first. Consequently, the beam 
compressive arching behaviour is defined by the ratio between the corresponding minimum 
difference and CN max . The corresponding values of that ratio are shown in Table 7.8. By 
using these values, the maximum pseudo-static compressive arching capacities of the 
systems with finite connection compressive capacities ( max
,CdP ) have been defined with 
respect to 0
,CdP  (i.e. the maximum pseudo-static compressive arching capacities of the 
corresponding systems with infinite connection compressive capacities) based on Fig.6.8a. 
The maximum pseudo-static capacity within the compressive arching stage is defined by 
the sum of ydP  (Table 7.6) and max,CdP  (Table 7.8). It is confirmed that the resulting capacities 
shown in the last column of Table 7.8 are similar to those defined by the pseudo-static 
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curves of the axially restrained beams with finite connection compressive capacities shown 
in Fig.7.7 and Fig.7.8.  
 
In particular, it is confirmed that the bare steel beams exhibit compressive arching response 
(i.e. 0max
,
>CdP ); however, the maximum pseudo-static compressive arching capacity of the 
transverse beam is limited significantly by yielding of the connection compressive 
components due to the relatively high compressive axial load developed within the 
compressive arching stage. Since the moment capacity of the support composite connection 
is governed by the compressive components on the other hand, the composite beams do not 
exhibit compressive arching behaviour (i.e. 0max
,
=CdP ). 
 
Tensile catenary action 
Provided the connection compressive capacities of the axially restrained beams are not 
exhausted, the deflection associated with the change in the sign of the beam axial load (i.e. 
beginning of the transient tensile stage) is comparable with D2  as defined in Chapter 5. 
This is confirmed by the responses of the systems with infinite connection compressive 
capacities shown in Fig.7.7 and Fig.7.8. However, a decrease in the compressive arching 
action due to yielding of the connection compressive components results in a decrease in 
the beam deflection corresponding to the transition from the compressive arching to the 
transient tensile stage (Section 6.3.3). The latter is confirmed by the responses of the axially 
restrained beams with finite connection compressive capacities shown in Fig.7.7 and 
Fig.7.8. In particular, as the maximum pseudo-static compressive arching capacity 
decreases, the compressive arching stage decreases accordingly (Section 6.3). In this 
regard, the responses of the axially restrained composite beams shown in Fig.7.8 are mainly 
governed by tensile effects. 
 
As established in Section 5.3.2.2, the tensile catenary effects increase by increasing the 
connection tensile capacities and/or the effective tensile stiffness of the system and/or by 
decreasing the beam span. As confirmed in Fig.7.7 and Fig.7.8, the transverse axially 
restrained beams exhibit an enhanced tensile catenary response as compared with the 
corresponding longitudinal beams. In addition, tensile catenary action is rather more 
pronounced in the responses of the composite beams due to the high tensile stiffness and 
capacity of the support composite connection (Table 7.3). 
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Ultimate deflection and capacity 
For the bare steel beams, the connection rotations associated with the deformation 
capacities of the tensile components are approximately equal to 100mrad as shown in Table 
7.4.  Since the connection compressive capacities of the axially unrestrained and cantilever 
bare steel beams are not exhausted, the connection rotations are solely associated with 
deformations of the tensile components. Therefore, the beam ultimate deflections depend 
on the corresponding rotation capacities and the beam spans. Based on those two 
parameters, the ultimate deflections of the longitudinal and transverse beams may be 
approximately defined as equal to 720mm and 480mm respectively. As shown in Fig.7.7, 
the actual deflections are fractionally higher than the above values due to flexural 
deformations of the beam sections. Since the effects of the beam flexural deformation on 
the deflections of the cantilever beams are typically higher, the ultimate deflections of the 
latter systems are relatively higher as compared with the corresponding axially unrestrained 
systems. Furthermore, the elastic rotations of the support connections are higher than the 
elastic rotations of the mid-span connections (due to the difference between hogging and 
sagging bending moments respectively) of the axially unrestrained beam systems; 
therefore, the support connections fail first as shown in Fig.7.7. 
 
On the other hand, the ultimate deflections of the axially restrained systems are influenced 
by the connection compressive deformations as shown in Fig.7.7. An increase in the 
deformation of the connection compressive components leads to a decrease in the rate of 
increase in the corresponding connection tensile deformations and, therefore, an increase in 
the connection rotation capacity. As defined in Section 6.3, the connection compressive 
deformations increase as the beam compressive axial load increases. This justifies the 
higher increase in the ultimate deflection of the transverse axially restrained bare steel beam 
as compared with the corresponding increase in the ultimate deflection of the longitudinal 
beam (with respect to the ultimate deflections of the corresponding axially unrestrained 
beams) shown in Fig.7.7. However, the increase in the ultimate deflections has a negligible 
effect on the corresponding ultimate capacities since the latter are defined by the maximum 
compressive arching capacities for both the longitudinal and transverse bare steel beams. 
Accordingly, any reasonable increase in the deformation capacities of the connection 
tensile components would have negligible or minor effects on the ultimate capacities of 
those systems. 
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Since the moment capacity of the support composite connection is governed by the beam 
flange compressive resistance, the corresponding post-limit rotation is solely associated 
with deformation of the beam flange provided the connection is subject to pure bending; 
accordingly, the connection tensile forces and deformations remain constant. Consequently, 
the rotation capacity of the support connection is not critical in the axially unrestrained and 
cantilever composite beams as shown in Fig.7.8. In particular, the cantilever systems 
exhibit a perfectly plastic post-limit behaviour with essentially unlimited ductility (provided 
the deformation capacity of the beam flange is relatively high), whereas the ultimate 
capacities of the axially unrestrained systems are governed by the rotation capacities of the 
mid-span connections. Since the rotation capacity of the mid-span composite connection is 
approximately equal to 100mrad (Table 7.4), the ultimate deflections of the longitudinal 
and transverse axially unrestrained beams are approximately equal to 720mm and 480mm 
respectively (Fig.7.8), similarly to the corresponding bare steel systems. 
 
On the other hand, the beam tensile axial load developed prior to failure of the axially 
restrained composite beams leads to further increase in the tensile forces and deformations 
of the support connections, even after yielding of the beam flanges. Consequently, the 
support connections of the axially restrained beams become critical as shown in Fig.7.8. 
However, the beam ultimate deflections are distinctly higher than those defined by the 
corresponding connection rotation capacity shown in Table 7.4 (i.e. 35.1mrad). In 
particular, the connection rotation capacity increases due to significant deformation of the 
corresponding beam flange within the initial stage of the response (i.e. prior to the tensile 
catenary stage). Since the systems do not exhibit compressive arching behaviour, the 
pseudo-static capacities increase monotonically. For both beams however, failure occurs 
prior to the development of significant tensile catenary action as shown in Fig.7.8a and 
Fig.7.8b respectively; therefore, the increase in the ultimate capacity due to the tensile 
effects is rather inconsiderable. 
 
Finally, it should be noted that regardless of the boundary conditions, the ultimate 
deflections of the transverse beams are lower than the corresponding deflections of the 
longitudinal beams as shown in Fig.7.7 and Fig.7.8 respectively, except for the case of the 
transverse cantilever composite system which exhibits a substantially ductile behaviour. 
Apart from the latter exception, the transverse beams are, therefore, likely to be the most 
critical components of the corresponding grillage systems. 
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7.3.3 Pseudo-static responses of the grillage systems 
 
According to the multi-level approach of the Imperial College framework, the grillage 
pseudo-static capacity ( P ) is obtained by assembling the pseudo-static capacities of the 
corresponding beams ( iP ) based on the following simplified model (Izzuddin et al., 2008): 
 ∑= iii PP βα
α
1
 (7.5) 
 
The beam deformation compatibility factors ( iβ ) are defined by the grillage deformation 
mode in Fig.7.6. With regard to the load-deflection curves shown in Fig.7.7a and Fig.7.8a 
respectively, the bare steel and composite longitudinal beams with β=0.5 exhibit the 
corresponding pseudo-static responses shown in Fig.7.9.  
 
 
Figure 7.9   Pseudo-static responses of the longitudinal beams with β=0.5 
 
Moreover, for uniformly distributed loading (Section 7.2.1) the grillage weighting factor 
(α ) is equal to 0.25 and the weighting factor of each beam ( iα ) is equal to 0.5 in Eqn.7.5. 
 
For the various column removal cases shown Fig.7.5, the pseudo-static responses of the 
affected bare steel and composite grillage systems have been defined based on Eqn.7.5 and 
they are presented in Fig.7.10 and Fig.7.11. The curves are categorised accordingly (i.e. I1-
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I4, E1-E2, E3-E4 and C1) so as to facilitate comparison between performance of grillage 
systems with identical configurations but different boundary conditions (Table 7.5). 
 
The level of the applied loading at the time of column removal is defined based on the 
following combination of actions, as recommended by the GSA (2003): 
 kkEdd qgq 25.00.1, +=  (7.6) 
 
Based on the unfactored dead and imposed loads given in Eqn.7.1 and Eqn.7.2 respectively, 
the dynamic design load ( Eddq , ) – denoted as ‘Demand’ in Fig.7.10 and Fig.7.11 – is equal 
to 5.45kN/m2 (i.e. approximately equal to 40% of the static load Edq , defined by Eqn.7.3). 
 
 
Figure 7.10   Pseudo-static responses of the bare steel grillage systems 
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Figure 7.11   Pseudo-static responses of the composite grillage systems 
 
Grillage yield capacities 
As shown in Fig.7.10 and Fig.7.11, the composite structure exhibits an enhanced overall 
behaviour as compared to the bare steel structure. In particular, most of the bare steel 
grillage systems are unable to sustain the vertical loading after sudden column loss. The 
limited capacity of the bare steel structure is largely associated with the relatively low yield 
capacities of the grillage systems – which may be defined by the change in the stiffness of 
the axially unrestrained arrangements (i.e. I4, E2, E4 and C1). On the other hand, the yield 
capacities of the corresponding composite grillage systems are distinctly higher. The yield 
capacities of the assembled grillage systems are approximately associated with the yield 
capacities of the corresponding beams (Table 7.6) which, in turn, depend on the sums of the 
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corresponding support and mid-span connection moment capacities (Table 7.3) as 
discussed in Section 7.3.2. 
 
According to the above concept, values of the grillage yield capacities have been calculated 
based on Eqn.7.5, by assembling the corresponding yield capacities of the beam systems 
shown in Table 7.6 and the results are presented in Table 7.9. It is shown that the resulting 
grillage yield capacities are similar to those defined by the responses of the axially 
unrestrained systems shown in Fig.7.10 and Fig.7.11. 
 
 
Table 7.9   Grillage yield capacities 
 
Based on the results shown in Table 7.9, it is concluded that the grillage yield capacity may 
increase as: 
- The connection moment capacities and, therefore, the corresponding yield capacities 
of the affected beam systems increase (i.e. composite against bare steel).  
- The number of the affected beams increases as compared to the affected floor area 
(i.e. Edge against Internal). 
- The number of the transverse beams – which exhibit the highest yield capacities – 
increases as compared to the number of the longitudinal beams (i.e. E3 and E4 
against E1 and E2). 
- The number of the cantilever beams decreases as compared to the total number of 
the beams (i.e. Internal, E1 and E2 against E3, E4 and C1). 
 
However, the yield capacities of the systems composed of cantilever beams (e.g. C1) 
increase as compared to the yield capacities of the remaining systems when the moment 
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capacities of the support connections are higher than the moment capacities of the mid-span 
connections (i.e. composite structure). 
 
In addition, the yield capacity of the grillage system would be most effectively enhanced by 
increasing the yield capacities of the beams with the highest deformation compatibility 
factors. Therefore, an increase in the moment capacities of the beam-to-column connections 
is more effective in increasing the yield capacity of the grillage system than an increase in 
the moment capacities of the beam-to-beam connections. That method however, may 
become less effective as the number of the intermediate floor beams increases. 
 
Finally, the axially unrestrained composite grillage systems exhibit lower post-limit 
stiffness as compared to the corresponding bare steel systems (Fig.7.11 and Fig.7.10 
respectively). This results directly from the perfectly plastic behaviour of the composite 
support connection under pure bending and, therefore, the limited strain hardening 
behaviour of the axially unrestrained and cantilever composite beam systems (Section 
7.3.2). 
 
Compressive arching action 
Although the overall behaviour of the bare steel structure is limited by the relatively low 
connection moment capacities, performance of the axially restrained bare steel grillage 
systems (i.e. I1, I2, I3, E1 and E3) is enhanced by compressive arching action. Similarly to 
the beam systems (Section 7.3.2), the compressive arching effects on grillage performance 
may be defined by comparing the responses of the axially restrained grillage systems with 
the responses of the corresponding axially unrestrained systems (i.e. I4, E2 and E4 
respectively). 
 
As shown in Fig.7.10, the compressive arching effects are more pronounced in the 
responses of the systems composed of axially restrained transverse beams (i.e. I1, I2 and 
E3) which exhibit an enhanced compressive arching behaviour as compared to the 
longitudinal beams (Fig.7.7). It is also shown that the influence of the compressive arching 
action on performance is more pronounced in the axially restrained systems affected by 
edge rather than internal column removal – as defined by comparing E3 with I2 (i.e. 
grillage systems composed of axially restrained transverse beams) or E1 with I3 (i.e. 
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grillage systems composed of axially restrained longitudinal beams) in Fig.7.10. This is 
mainly justified by the difference between the edge and internal floor areas which is 
disproportional to the corresponding difference between the numbers of the axially 
restrained beams. 
 
It is concluded that the ultimate capacities of the axially restrained areas of the bare steel 
structure increase as compared to the ultimate capacities of the corresponding axially 
unrestrained areas due to compressive arching action. In particular, any reasonable increase 
in the connection rotation capacities would have negligible or minor effects in increasing 
the ultimate capacities of the axially restrained bare steel systems as shown in Fig.7.10. On 
the other hand, the axially restrained composite systems exhibit negligible compressive 
arching action as shown in Fig.7.11, similarly to the corresponding axially restrained 
composite beams (Fig.7.8). 
 
Tensile catenary action 
As in the compressive arching action, the grillages composed of transverse axially 
restrained beams (i.e. I1, I2 and E3) exhibit higher tensile catenary effects than the 
remaining axially restrained systems (i.e. I3 and E1) as shown in Fig.7.10 and Fig.7.11. 
This results directly from the enhanced tensile catenary behaviour of the transverse beams 
due to the higher effective tensile stiffness and shorter spans as compared to the 
longitudinal beams (Section 7.3.2). In addition, comparison between the responses of 
corresponding axially restrained edge and internal areas (i.e. E3 against I2 or E1 against I3) 
indicates that the tensile catenary effects are more pronounced in the responses of the edge 
grillage systems which are more dependent of the behaviour of the axially restrained beams 
as noted previously. 
 
Due to the limited compressive arching behaviour of the axially restrained composite 
beams, tensile effects develop at relatively low beam deflections as shown in Fig.7.8. 
Accordingly, the responses of the axially restrained grillages of the composite structure are 
mainly governed by tensile catenary effects as shown in Fig.7.11. However, it is shown that 
failure occurs prior to the development of significant tensile catenary action; consequently, 
the ultimate capacities of the composite axially restrained systems are similar to the 
ultimate capacities of the corresponding axially unrestrained systems. 
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7.4 Effects of variation in the connection endplate thickness 
 
According to the outcomes of Chapter 5, beam performance following column removal 
may be enhanced either by increasing the yield capacity of the system or, provided the 
beam is axially restrained, by enhancing the effects of axial restraint (i.e. compressive 
arching and/or tensile catenary effects). In particular, an increase in the yield capacity by 
increasing the connection strength has been defined as the most effective practical method 
in enhancing the behaviour of both axially restrained and unrestrained beams.  
 
The low level of the connection moment capacities has been defined in Section 7.3.3 as the 
principal reason for the relatively limited progressive collapse resistance of the bare steel 
structure – especially in the absence of axial restraint – as compared with the corresponding 
composite structure. Provided the connection moment capacity is not limited by the 
connection compressive resistance, it increases by increasing the capacities of the tensile 
components. As long as the capacities of the connection bolt-rows are associated with the 
yield capacity of the endplate equivalent T-stub (EN 1993-1-8, 2005) and the latter is 
governed by endplate yielding, the connection tensile capacity may increase by increasing 
the endplate thickness. 
 
In this regard, the effects of increasing the connection endplate thickness on the progressive 
collapse behaviour of the bare steel structure are explored in this Section. Although the 
level of the connection moment capacities of the composite structure has not been rated as 
critical as in the bare steel structure and even though the hogging moment capacity of the 
composite connection is governed by the beam flange compressive resistance, the effects of 
increasing the connection endplate thickness on performance of the composite grillage 
systems are also examined. 
 
The original endplate thickness of both the bare steel and composite connections, as defined 
in Section 7.2.3, is 8mm. By keeping the same dimensions and properties for the remaining 
connection components shown in Fig.7.3 and Fig.7.4 and by gradually increasing the 
endplate thickness (i.e. 10mm, 12mm and 14mm respectively), the corresponding effects on 
the connection behaviour, the beam pseudo-static responses and the ultimate pseudo-static 
capacities of the grillage systems are explored next. 
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7.4.1 Effects on the connection moment capacities 
 
For connection endplate thickness ( pt ) equal to 10mm, 12mm and 14mm respectively, the 
corresponding initial stiffness and yield capacities of the bolt-rows of the bare steel and 
composite connections shown in Fig.7.3 and Fig.7.4 have been obtained based on the 
component method of EN 1993-1-8 (2005). In all the cases, the yield capacities of the bolt-
rows are governed by the endplate equivalent T-stub where the principal mode of failure is 
endplate yielding except for the case of 14mm endplate thickness where the mode of failure 
of the bolt-rows adjacent to the beam flanges is simultaneous endplate yielding and bolt 
failure. The resulting connection hogging and sagging moment capacities are presented in 
Fig.7.12 and they are compared with the corresponding original moment capacities – 
associated with endplate thickness equal to 8mm – defined in Section 7.2.3. 
 
 
Figure 7.12   Connection moment capacities for various endplate thicknesses 
 
As shown in Fig.7.12, both the hogging and sagging moment capacities of the bare steel 
connection as well as the sagging moment capacity of the composite connection increase 
similarly and approximately linearly with respect to the increase in the endplate thickness. 
On the other hand, the hogging moment capacity of the composite connection which is 
governed by the beam compressive resistance decreases due to a decrease in the equivalent 
lever-arm of the tensile components. In particular, an increase in the endplate thickness 
leads to an increase in the initial stiffness of the bolt-rows while the initial stiffness of the 
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connection reinforcement remains constant. Consequently, the connection equivalent lever-
arm decreases and, therefore, the connection moment capacity decreases accordingly. 
However, the sum of the hogging and sagging moment capacities of the composite 
connection increases with increasing the endplate thickness as defined by the corresponding 
average values shown in Fig.7.12b. 
 
 
7.4.2 Effects on the connection rotation capacities 
 
The deformation capacities of the connection bolt-rows for the various endplate thicknesses 
have been defined based on the failure criteria adopted in Section 7.2.4. The force-
deformation characteristics and the deformation capacities of the top and bottom bolt-rows 
– i.e. the most critical bolt-rows of the support and mid-span connections respectively – are 
presented in Fig.7.13a and the corresponding connection rotations are shown in Fig.7.13b. 
 
As the endplate thickness increases, both the connection moment capacity and stiffness 
increase; however, the corresponding yield rotation slightly decreases. Consequently, the 
deformations of the most remote bolt-rows associated with endplate failure – defined based 
on the connection yield rotation according to Section 7.2.4 – decrease accordingly as shown 
in Fig.7.13a.  
 
For each bolt-row, the sum of the bolt tensile capacities is constant and equal to 282.2kN as 
indicated by the dotted line in Fig.7.13a. Therefore, the bolt-row deformation capacity 
associated with bolt failure decreases as the endplate thickness increases. In particular, as 
the endplate thickness increases, the rate of decrease in the deformation capacity associated 
with bolt failure decreases due to the corresponding increase in the bolt-row post-limit 
stiffness – which is defined as 1% of the corresponding initial stiffness. Consequently, the 
rotation capacities of the bare steel connections and the composite mid-span connection are 
limited by bolt failure when the endplate thickness is higher than 10mm as shown in 
Fig.7.13b. In particular, the rotation capacities associated with endplate thickness equal to 
12mm and 14mm respectively are less than 75% and 50% of the corresponding original 
rotation capacities associated with 8mm endplate thickness. On the other hand, the rotation 
capacity of the composite support connection is governed by the rebar deformation capacity 
regardless of the value of the endplate thickness.  
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Figure 7.13   Connection deformation capacities for various endplate thicknesses 
 
 
7.4.3 Effects on the beam pseudo-static responses 
 
The pseudo-static responses of the various beam systems for connection endplate thickness 
equal to 10mm, 12mm and 14mm respectively have been obtained in a similar fashion to 
the corresponding responses of the original systems with connection endplate thickness 
equal to 8mm (Section 7.3.2). Accordingly, the effects of increasing the connection 
endplate thickness on the pseudo-static responses of the bare steel and composite beams are 
presented in Fig.7.14 and Fig.7.15 respectively. 
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Figure 7.14   Pseudo-static responses of the bare steel beams for various connection 
endplate thicknesses 
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Figure 7.15   Pseudo-static responses of the composite beams for various connection 
endplate thicknesses 
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It is confirmed that the yield capacities of the beam systems vary according to the variations 
in the corresponding connection moment capacities shown in Fig.7.12. In particular, as the 
connection endplate thickness increases, the yield capacities of the axially restrained and 
unrestrained systems increase according to the increase in the average of the corresponding 
hogging and sagging moment capacities. In this regard, the rate of increase in the yield 
capacities of the axially restrained and unrestrained bare steel beams (Fig.7.14b) is higher 
than the rate of increase in the yield capacities of the corresponding composite systems 
(Fig.7.15b). On the other hand, the yield capacities of the cantilever bare steel beams 
(Fig.7.14c) increase by increasing endplate thickness, according to the increase in the 
corresponding connection hogging moment capacity shown in Fig.7.12a. In the contrary, as 
the endplate thickness increases, the yield capacities of the composite cantilever beams 
(Fig.7.15c) decrease according to the decrease in the corresponding hogging moment 
capacity shown in Fig.7.12b. 
 
Since an increase in the endplate thickness leads to an increase in the connection tensile 
capacity, the difference between the connection compressive and tensile capacities and, 
therefore, the maximum pseudo-static compressive arching capacity ( max
,CdP ) decrease 
(Fig.6.8b). This is pronounced in the responses of the axially restrained bare steel beams 
(Fig.7.14a) which originally (i.e. mm8=pt ) exhibited significant compressive arching 
action. As shown in Fig.7.14a, both the beam deflections associated with yielding of the 
connection compressive components and the change in the sign of the beam axial load 
respectively decrease as the endplate thickness increases. Although max
,CdP  decreases by 
increasing the endplate thickness, the total capacity within the compressive arching stage 
increases due to an increase in the yield capacity of the system as discussed above. 
 
Furthermore, as confirmed in both Fig.7.14a and Fig.7.15a, an increase in the endplate 
thickness results in an increase in the transient tensile stage due to an increase in the 
connection tensile capacities (Section 5.3.2.1). Moreover, it is confirmed that by increasing 
the connection tensile capacities and stiffness, performance within the tensile stage is 
enhanced due to an increase in the beam tensile axial load (Section 5.3.2.2). 
 
Typically, the beam ultimate capacities increase as the connection endplate thickness 
increases (except for the cantilever composite beams). However, as the rate of decrease in 
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the connection rotation capacities increases (i.e. due to bolt failure), the rate of increase in 
the beam ultimate capacities may decrease. In addition, the decrease in the connection 
rotation capacity may also cause a decrease in the beam ultimate capacity provided the 
corresponding increase in the beam yield capacity is relatively low and the response is 
governed by significant tensile catenary action (e.g. axially restrained longitudinal 
composite beam). 
 
In summary, an increase in the connection endplate thickness leads to an increase in the 
beam ultimate capacity, unless the connection rotation capacities decrease significantly or 
the average of the support and mid-span connection moment capacities decreases. Apart 
from the latter exceptions, the ultimate capacities of the axially unrestrained and cantilever 
beam systems increase as the endplate thickness increases, similarly to the increase in the 
corresponding connection moment capacities. In the presence of axial restraint however, the 
compressive arching effects decrease and the tensile effects increase by increasing the 
connection endplate thickness; accordingly, the rate of increase in the ultimate capacity 
may be lower or higher as compared with the corresponding axially unrestrained systems 
when failure occurs within the compressive or the tensile stage of the response respectively. 
Nevertheless, those effects are likely to be relatively limited unless failure occurs after 
development of significant catenary action.  
 
 
7.4.4 Effects on the pseudo-static capacities of the grillage systems 
 
For the nine column removal cases shown in Fig.7.5, the pseudo-static responses of the 
affected grillage systems associated with 10mm, 12mm and 14mm connection endplate 
thickness respectively have been obtained based on the responses of the corresponding 
beams shown in Fig.7.14 and Fig.7.15, in a similar fashion to the responses of the systems 
associated with 8mm endplate thickness defined in Section 7.3.3 (Fig.7.10 and Fig.7.11). 
For the various connection endplate thicknesses, the resulting capacity-demand ratios of the 
bare steel and composite grillage systems are given in Fig.7.16 and Fig.7.17 respectively. 
 
It is confirmed that, as the connection endplate thickness increases, the grillage ultimate 
capacities vary depending on the interplay between the corresponding effects on the 
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connection moment capacities, the connection rotation capacities and the beam compressive 
arching and tensile catenary actions as defined in the previous Sections. 
 
Prior to the significant decrease in the deformation capacities of the connection bolt-rows 
(i.e. up to connection endplate thickness equal to 12mm) the grillage pseudo-static 
capacities vary similarly to the variations in the corresponding connection moment 
capacities shown in Fig.7.12 as the endplate thickness increases. In this regard, the rate of 
increase in the capacities of the bare steel systems (Fig.7.16) with respect to the increase in 
the connection endplate thickness is higher than the corresponding rate of increase in the 
capacities of the composite systems (Fig.7.17). In particular, the pseudo-static capacity of 
the corner composite grillage system decreases by increasing the connection endplate 
thickness according to the corresponding decrease in the hogging moment capacity of the 
composite connection shown in Fig.7.12b. 
 
However, when the deformation capacities of the connection bolt-rows (Fig.7.13) decrease 
significantly (i.e. when the connection endplate thickness is higher than 12mm), the rate of 
increase in the beam ultimate capacities decreases as the endplate thickness increases 
(Fig.7.14 and Fig.7.15). Consequently, the corresponding rate of increase in the grillage 
pseudo-static capacities decreases accordingly as shown in Fig.7.16 and Fig.7.17. In 
particular, the grillage pseudo-static capacity may decrease provided the decrease in the 
connection rotation capacities governs as compared to the corresponding increase in the 
connection moment capacities (i.e. column removal cases E1 and E4 of the composite 
structure). 
 
Finally, it is confirmed that the variations in the compressive arching and tensile catenary 
responses of the axially restrained beams due to an increase in the connection endplate 
thickness have rather insignificant effects on the ultimate pseudo-static capacities of the 
corresponding grillage systems. In particular, the decrease in the compressive arching 
effects may influence the grillage ultimate capacity provided the latter is associated with the 
maximum compressive arching capacity (e.g. E3 against E4 in Fig.7.16b: up to tp=10mm). 
On the other hand, the increase in the tensile catenary effects may influence the grillage 
ultimate capacity provided grillage performance is governed by the response of axially 
restrained beams which exhibit tensile catenary behaviour prior to failure (e.g. E1 against 
E2 in Fig.7.17c: up to tp=12mm). 
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It is concluded that the effects of increasing the connection endplate thickness on the 
pseudo-static capacity of grillage systems mainly depend on the corresponding effects on 
the connection moment capacity and ductility. An increase in the connection endplate 
thickness is effective in increasing the grillage ultimate capacity provided the connection 
moment capacity increases accordingly and the connection rotation capacity does not 
decrease significantly. Otherwise, an increase in the connection endplate thickness may 
result in a negligible increase or even a decrease in the grillage ultimate capacity. 
Therefore, it is confirmed that the progressive collapse response of steel and composite 
buildings largely depends on the interplay between the connection moment capacities and 
ductility.  
 
 
Figure 7.16   Capacity-demand ratios of the bare steel grillage systems for various 
connection endplate thicknesses 
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Figure 7.17   Capacity-demand ratios of the composite grillage systems for various 
connection endplate thicknesses 
 
 
7.5 Effects of variation in the grillage layout 
 
All results thus far have been based on the floor layout of Fig.7.1; in this regard, some 
parameters such as the spans and cross-sections of the beams and the number of the 
intermediate secondary beams have been kept constant. A brief study of the effects of 
variation in the above parameters is given in Appendix B where the responses of the 
original bare steel and composite grillage systems explored in Section 7.3 are compared 
with the responses of corresponding grillage systems with relatively different layouts. In 
particular, the effects of increasing the span of the primary beams and, accordingly, the 
number of the intermediate secondary beams are examined. 
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An increase in the span of the primary beam leads to increases in the beam design bending 
moment and connection design shear forces. In particular, the beam design bending 
moment increases exponentially, whereas the connection design shear forces increase 
linearly as the beam span increases. Provided the connections are designed based on the 
corresponding required shear resistances – similarly to Section 7.2.3 – the connection 
moment capacities increase approximately linearly with respect to the increase in the beam 
span. Furthermore, the beam cross-sectional area increases due to the increase in the beam 
design bending moment, which is typically associated with an increase in the beam depth.  
 
Although the span-to-depth ratio of the primary beam increases as the span increases, the 
compressive arching effects increase due to the increase in the beam depth (i.e. an increase 
in the beam depth is more effective in enhancing the compressive arching behaviour than a 
decrease in the beam span as established in Section 5.3). In addition, the compressive 
arching effects increase due to an increase in the beam cross-sectional area and the beam 
compressive stiffness. Furthermore, the compressive capacity of the beam flange increases 
with increasing the beam span due to the increase in the beam cross-sectional area; 
consequently, the effects of yielding of the beam flanges on the compressive arching 
behaviour decrease. Therefore, as the beam span increases, the maximum pseudo-static 
compressive arching capacity increases in the presence of axial restraint. 
 
In addition, an increase in the beam depth leads to a decrease in the connection rotation 
capacity due to an increase in the lever-arms of the most critical connection tensile 
components (i.e. bolt-rows or rebar). In addition, an increase in the connection compressive 
capacity (due to an increase in the beam cross-sectional area) may lead to further decrease 
in the connection rotation capacity, especially in the presence of composite action where 
the connection compressive deformation has a significant influence on the connection 
ultimate rotation capacity as defined in Section 7.3.2. 
 
Moreover, an increase in the number of the intermediate secondary beams leads to an 
increase in the grillage capacity. In particular, the total capacity of the intermediate 
secondary beams increases proportionally to the increase in the sum of their deformation 
compatibility factors. 
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Consequently, as the span of the primary beam increases, the grillage capacity-demand 
ratio varies according to the interplay between the above parameters. The total dynamic 
design load increases by increasing the beam span due to the increase in the affected floor 
area. The grillage capacity increases due to the increase in the compressive arching action – 
provided the grillage is axially restrained in the direction of the primary beams – as well as 
due to the increase in the number of the intermediate secondary beams. On the other hand, 
the grillage capacity may decrease due to significant decrease in the connection rotation 
capacity (especially in the presence of composite action).  
 
The results of Appendix B however, indicate a distinct decrease in the grillage capacity-
demand ratio with respect to the increase in the span of the primary beam, regardless of the 
structure type (bare steel or composite) or the planar boundary conditions. This is mainly 
associated with the relatively limited increase in the connection moment capacities of the 
primary beams which is proportional to the corresponding increase in the connection design 
shear forces. Therefore, it is shown that the required connection moment capacities for 
resisting progressive collapse increase disproportionally to the corresponding increase in 
the connection design shear forces. 
 
It is, therefore, concluded that the connection shear capacity alone cannot guarantee 
resistance against progressive collapse. This conclusion indirectly confirms that the tying 
force requirement of the British code (BS 5950-1, 2001) – which is essentially based on the 
connection design shear forces (Section 2.2.1.1) – cannot provide a reliable design method 
for resisting progressive collapse due to sudden column loss. Instead, the outcomes of this 
study indicate that consideration should be given to the required level of the connection 
moment capacities. 
 
 
7.6 Summary and conclusions 
 
Based on the alternative load path concept of sudden column removal, the progressive 
collapse response of bare steel and composite grillage structures has been studied in this 
Chapter. For various floor layouts, performance of both structures has been assessed by 
covering a wide range of column removal scenarios associated with different positions of 
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the removed column within the floor area and, therefore, different configurations and planar 
boundary conditions of the affected grillage systems. In this regard, useful outcomes 
regarding the possible variations in the form of behaviour between bare steel and composite 
buildings with respect to the position of the removed column have been obtained. 
 
It has been confirmed that grillage performance following sudden column removal is 
analogous to the corresponding responses of the affected beams. In this regard, the grillage 
behaviour depends on the various structural parameters that influence beam performance 
defined in Chapter 5 and 6. In particular, performance is largely governed by the behaviour 
of the most effective beam systems (i.e. the systems that exhibit the highest yield capacities 
and/or compressive arching action and/or tensile catenary action). Typically, most effective 
are the beams with the lowest spans and/or the highest connection moment capacities 
and/or the highest deformation compatibility factors. 
 
Depending on the position of the removed column within the floor area, the configuration 
and/or the planar boundary conditions of the affected grillage system may vary accordingly. 
In particular, nine scenarios associated with different positions of the removed column have 
been considered in this study. It has been found that for each column removal scenario, 
performance of the corresponding grillage system may vary significantly. Depending on the 
boundary conditions of the affected beam systems, the corresponding grillage system may 
be axially restrained in one or both planar directions or axially unrestrained. 
 
Similarly to the individual beam systems, the pseudo-static response of the axially 
unrestrained grillage systems is mainly characterised by the corresponding yield capacity. 
Provided the beam spans are typically fixed in a grillage structure, the yield capacity of the 
grillage system increases by increasing the connection moment capacities. Furthermore, 
performance of axially unrestrained grillage systems may be enhanced by strain hardening 
of the connection components. Provided the connection post-limit stiffness is relatively 
high and the ultimate deflection of the grillage system is not very low, strain hardening may 
result in a relative increase in the grillage ultimate capacity as compared with the 
corresponding yield capacity. 
 
In the presence of axial restraint, grillage performance may be enhanced accordingly 
provided the corresponding axially restrained beam systems exhibit compressive arching 
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and/or tensile catenary behaviour. Therefore, the grillage compressive arching and tensile 
catenary behaviour depend on the various structural parameters that influence the 
corresponding responses of axially restrained beam systems defined in Chapters 5 and 6.  
Unless the compressive arching behaviour is rather limited or the connection rotation 
capacities are relatively high, performance is most likely governed by compressive arching 
effects. Accordingly, tensile catenary action may be developed prior to failure provided the 
compressive arching action is limited and/or the connection rotation capacities are 
relatively high. For average connection rotation capacity levels however, failure most likely 
occurs prior to the development of significant tensile catenary action. 
 
Provided failure occurs within the compressive arching stage, the ultimate capacity may 
increase by increasing the connection moment capacities, similarly to the corresponding 
axially unrestrained grillage systems. Accordingly, the tensile catenary response is 
enhanced by increasing the connection tensile capacity and/or stiffness. Finally, the effects 
of the connection available ductility on the ultimate capacity of the system are significant, 
especially when failure occurs at a relatively low grillage deflections (thus, the 
corresponding ultimate grillage capacity is lower than the maximum compressive arching 
capacity) or within the tensile catenary stage of the response. 
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Chapter 8 
 
Practical methods and considerations for grillage 
design against progressive collapse 
 
 
8.1 Introduction 
 
The previous Chapters have been dedicated to an extensive analysis of the progressive 
collapse response of steel and composite buildings suffering sudden column loss. The 
connection behaviour under the combined action of bending moment and axial load 
developed in the presence of axial restraint has been modelled in a suitable form. Based on 
that model, an analytical hand-calculation method for prediction of the beam nonlinear 
static response has been derived. By using that method, the mechanics of the behaviour of 
axially restrained and unrestrained beams have been thoroughly explored and the most 
important parameters that influence performance have been identified. With regard to the 
effects of those parameters on beam performance, the behaviour of grillage systems – 
which can provide a reasonable approximation of the progressive collapse response of the 
building – has been studied and appraised quantitatively. 
 
It has been found that the key-parameters influencing performance are the connection 
moment capacities and rotation capacities. These outcomes provide a direction towards 
development of practical methods for the design of grillage structures to resist progressive 
collapse, similar to existing methods commonly used in conventional structural design. In 
particular, it is concluded that those design methods should basically include modelling of 
the beam-to-column and beam-to-beam connections according to the required levels of 
moment capacity and ductility.  
 
Based on that concept, the current Chapter is mainly oriented to the development of such 
practical design methods. In this regard, the most important outcomes of the previous 
Chapters regarding the mechanics of the behaviour of the beam and grillage systems 
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following sudden column removal are exploited as the basis for the development of 
practical approaches and considerations for the design of grillage structures to resist 
progressive collapse. 
 
 
8.2 Practical design approaches 
 
Typical forms of pseudo-static responses of axially restrained and unrestrained grillage 
systems are presented in Fig.8.1. As established in Chapter 7, important features of the 
responses of axially unrestrained and restrained grillage systems are the yield capacity ( ydq ) 
and the maximum pseudo-static capacity ( Cdq max ) within the compressive arching stage 
respectively. Although those two parameters may not always represent precisely the 
ultimate capacities of the corresponding systems, they will most likely provide a reasonably 
representative indication of their resistance against progressive collapse. Based on the 
above concept, practical methods for the design of axially unrestrained and restrained 
grillage systems are developed in Sections 8.2.1 and 8.2.2 respectively. An application of 
these design approaches is presented in Appendix C. 
 
 
Figure 8.1   Typical pseudo-static responses of axially restrained and unrestrained grillage 
systems  
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As defined in Chapter 7, the progressive collapse resistance of typical grillage structures 
may be assessed by considering the various column removal scenarios shown in Fig.8.2a.  
In this regard, the design methods developed herein consider the variations in the grillage 
configuration and boundary conditions with respect to the position of the removed column. 
 
 
Figure 8.2   Typical form of grillage layout and column removal scenarios for progressive 
collapse assessment 
 
 
8.2.1 Axially unrestrained grillage systems 
 
Following sudden column loss, the axially unrestrained grillage systems exhibit the form of 
response shown in Fig.8.3. In particular, performance is characterised by the initial 
stiffness, the yield capacity and the post-limit stiffness of the system. A decrease in the 
initial stiffness results in a decrease in the absorbed energy and, therefore, a relative 
decrease in the pseudo-static capacity within the initial stage of the response. On the other 
hand, an increase in the post-limit stiffness of the system leads to a corresponding increase 
Progressive collapse response of steel and composite buildings 
 250 
in the pseudo-static capacity within the post-limit stage of the response. Nevertheless, 
unless the ultimate deflection is either quite low or relatively high, the practical significance 
of the above effects on the ultimate capacity is rather limited. Therefore, the progressive 
collapse resistance of axially unrestrained grillage systems may be approximately assessed 
based on the corresponding yield capacity ( ydq ).  
 
 
Figure 8.3   Typical pseudo-static response of axially unrestrained grillage systems 
 
In this regard, the grillage system typically exhibits sufficient capacity against progressive 
collapse when the yield capacity ( ydq ) is not less than the dynamic design load ( Eddq , ) as 
demonstrated in Fig.8.3. Based on this concept, a practical approach for prediction of the 
minimum required yield capacity may be developed as follows: 
 
• The grillage yield capacity may be approximated by assembling the yield capacities 
of the individual beam systems ( yidP , ) based on the multi-level model of the Imperial 
College framework (Izzuddin et al., 2008) given in Eqn.7.5. By considering the 
assembled yield capacity as being equal to the dynamic design load ( EddP , ) – thus, 
considering the minimum limit for ydq  – Eqn.7.5 is modified as follows: 
 ∑=
i
y
idiiEdd PP ,, βα
α
1
 (8.1) 
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• For uniformly distributed loading, the floor weighting factor (α ) and the weighting 
factor of each beam ( iα ) are defined as follows (Izzuddin et al., 2008): 
 25.0α =  (8.2) 
 5.0α =i  (8.3) 
 
• The yield capacity of the beam system may be approximately defined with respect 
to the connection moment capacities and the beam span based on Eqn.5.28 of 
Chapter 5 (by considering 1=a ) as follows: 
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In the above expression, mx  is the ratio between the connection sagging ( RdjM , ) 
and hogging ( RdjM ,' ) moment capacities (corresponding to the mid-span and 
support connections respectively) as shown next: 
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• The connection hogging moment capacity may be expressed with respect to the  
corresponding beam design bending moment ( EdbM , ) as follows: 
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• The beam design bending moment is defined by the following equation: 
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In the above expression, Edq  is the static design load per unit area and ts  is the 
beam transverse spacing (Fig.8.2b). For the regular form of grillage layout shown in 
Fig.8.2, the beam transverse spacing may be defined by the following equation: 
 





+
=
1
121
,
ii
it
nL
LL
s  (8.8) 
 
Progressive collapse response of steel and composite buildings 
 252 
In the last expression, n  represents the number of the intermediate secondary beams 
in a single structural bay. In this regard, n  is zero for the primary beams. 
 
The coefficient mz  shown in Eqn.8.7 is equal to unity in simple construction or less 
than unity in semi-continuous construction. In addition, mz  varies accordingly 
depending on the position of the beam within the floor area (i.e. 1 for the internal 
and 0.5 for the edge beams when considering simple construction). Nevertheless, in 
the design method developed herein, mz  may even receive arbitrary values as 
explained later (Section 8.3.1). 
 
• The total dynamic design load ( EddP , ) may be expressed with respect to the 
dynamic design load per unit area ( Eddq , ) and the affected floor area as shown next: 
 EddfEdd qLLaP ,21, =  (8.9) 
 
In the above expression, fa  represents the number of the affected structural bays; 
therefore, it is equal to 4, 2 or 1 for removal of internal, edge or corner column 
respectively (Fig.8.2a). 
 
• Finally, the following ratio between the dynamic and static design loads per unit 
area is adopted: 
 
Ed
Edd
q q
q
,
r =  (8.10) 
 
• Based on the set of Eqn.8.2-Eqn.8.10, Eqn.8.1 is developed as shown next: 
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The above expression represents a simplified model for prediction of the minimum required 
yield capacity of axially unrestrained grillage systems for resisting progressive collapse. In 
particular, the minimum required yield capacity is defined based on the corresponding 
minimum required connection hogging moment capacities. The latter are defined with 
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respect to the design bending moments of the corresponding beams (Eqn.8.6) based on the 
minimum required value for qm rr  obtained by Eqn.8.11. According to Eqn.8.11, the 
design value for the connection hogging bending moment ( EdjM ,' ) depends on the 
following parameters: 
- The configuration and boundary conditions of the affected grillage system, 
- The ratio between the connection sagging and hogging moment capacities ( mx ), 
- The design bending moment of the corresponding beam ( EdbM , ), and 
- The ratio between the dynamic and static design loads per unit area ( qr ). 
 
For the beam systems that are considered as cantilevers, the ratio between the connection 
sagging and hogging moment capacities ( mx ) is zero. For the beam systems that are 
rotationally restrained at both ends, the corresponding ratio varies accordingly. Provided 
the connection arrangement is rather symmetric with respect to the beam neutral axis, the 
connection sagging and hogging moment capacities may be considered as approximately 
equal; thus, 1≈mx . Otherwise, the value of mx  may not be easily predictable and an 
iterative process for prediction of the required connection hogging moment capacities may 
be needed. This design process is outlined in the flowchart shown in Fig.8.4. 
 
As a starting point, mx  may be considered as equal to unity for the rotationally restrained 
beams. The design values of the connection hogging moment capacities are underestimated 
when the sagging moment capacity is lower than the hogging moment capacity (thus, when 
the actual mx  is lower than unity). In that case, the resulting value of qm rr  is higher than 
the corresponding design value and the design process should be iterated by considering the 
resulting value of qm rr  as a design value. If the resulting value of qm rr  is lower than the 
corresponding design value, the designed connections have the ability to transmit the 
required level of hogging moment capacities. However, the design solution may be 
conservative provided the values of the connection hogging moment capacities are 
distinctly higher than the corresponding design values. In this regard, the iterative process 
may continue until an optimum design solution is achieved. The rate of variation in qm rr  
decreases as the number of iterations increases and, normally, a quite acceptable design 
solution is obtained after a maximum number of 3-4 iterations. 
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Figure 8.4   Connection design process for axially unrestrained grillage systems 
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8.2.2 Axially restrained grillage systems 
 
In the presence of axial restraint in one or both directions of the grillage system, 
performance may be enhanced by compressive arching action provided the connections of 
the axially restrained beams exhibit sufficient compressive capacities (Section 6.3). Since 
the compressive arching action occurs within the initial stage of the post-limit response, the 
effects of strain hardening on the corresponding ultimate capacity may be conservatively 
ignored as shown in Fig.8.5. The grillage maximum pseudo-static capacity corresponding 
to the compressive arching stage ( Cdq max ) may be approximately defined by the sum of the 
yield capacity ( ydq ) and the maximum pseudo-static compressive arching capacity ( max,Cdq ) as 
shown in Fig.8.5. 
 
 
Figure 8.5   Typical pseudo-static compressive arching response of axially restrained 
grillage systems 
 
Provided Cdq
max
 represents the ultimate capacity of the grillage system, the latter may 
increase by increasing either the yield capacity ( ydq ) or the maximum pseudo-static 
compressive arching capacity ( max
,Cdq ). As defined in Chapters 5 and 6, the beam maximum 
pseudo-static compressive arching capacity depends on the span-to-depth ratio, the 
effective axial stiffness of the system and the compressive capacities of the connections. 
The above parameters however, should be considered as essentially fixed in progressive 
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collapse design. Consequently, an increase in the grillage ultimate capacity may be 
implemented in practice only by increasing the yield capacity of the system, similarly to the 
corresponding axially unrestrained grillage systems (Section 8.2.1).  
 
Based on the above concept, the design method of Section 8.2.1 is developed herein and an 
extended model for prediction of the required yield capacity of axially restrained grillage 
systems for resisting progressive collapse is derived as follows: 
 
• Provided the connection compressive capacities are not exhausted within the 
compressive arching stage, the beam maximum pseudo-static compressive arching 
capacity is approximately defined by the following equation (Eqn.5.13 of Section 
5.3): 
 2
3
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,
296.0
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Cd =  (8.12) 
 
The effective axial stiffness of the beam system ( aeffK ) may consist of the effective 
compressive stiffness of the beam and the support ( aK ) given in Eqn.5.4, the 
equivalent axial stiffness associated with the beam flexural rigidity ( EIK ) given in 
Eqn.5.43 and the connection compressive stiffness ( CK ).  
 
However, yielding of the connection compressive components within the 
compressive arching stage of the response may lead to a decrease in the maximum 
pseudo-static compressive arching capacity of the beam system (Section 6.3). In this 
case, the beam maximum compressive arching capacity ( max
,CdP ) may be 
approximately defined based on Fig.6.8a. In particular, max
,CdP  is defined with respect 
to 0
,CdP  (Eqn.8.12) based on the ratio of the minimum difference between the 
connection compressive and tensile capacities [min( TRdCRd FF − )] to the maximum 
compressive axial load ( CN max ) of the corresponding system with infinite connection 
compressive capacities. The latter parameter is defined by the following equation 
(Eqn.5.7 of Section 5.3): 
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• When several beams of the grillage system exhibit compressive arching behaviour 
and the corresponding maximum pseudo-static compressive arching capacities 
correspond to different grillage deflections, the grillage maximum pseudo-static 
compressive arching capacity is difficult to define precisely. As noted in Chapter 7 
however, the grillage compressive arching response is largely governed by the 
corresponding response of the most effective axially restrained beam system (i.e. 
primary beam or the beam with the highest deformation compatibility factor); 
therefore, the effects of the remaining beam systems are comparatively limited. In 
this regard, the grillage maximum pseudo-static compressive arching capacity may 
be quite adequately approximated based on the sum of the maximum pseudo-static 
compressive arching capacities ( max
,CdP ) of the axially restrained beam systems. 
 
Based on the above concept and by considering that Cdq
max
 (Fig.8.5) represents the 
ultimate capacity of the grillage system, Eqn.8.1 is modified as follows:  
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• The beam maximum pseudo-static compressive arching capacity may be expressed 
with respect to the corresponding yield capacity by adopting the following ratio: 
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Provided an axially restrained beam system does not exhibit compressive arching 
action, Cx  is zero. On the other hand, Cx  may be rather high (essentially infinite) 
when the beam yield capacity is comparatively low as compared to the beam 
maximum pseudo-static compressive arching capacity (i.e. axially restrained beam 
system with rotationally unrestrained connections). 
 
• By solving the set of Eqn.8.2-Eqn.8.10 (Section 8.2.1) and Eqn.8.15, Eqn.8.14 is 
developed as follows:  
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Similarly to Eqn.8.11, the above expression represents a simplified model for prediction of 
the minimum required yield capacity of axially restrained grillage systems for resisting 
progressive collapse. It is confirmed that, when an axially restrained grillage system does 
not exhibit compressive arching behaviour (i.e. 0
,
=∑ iCx ), the minimum required yield 
capacity defined by Eqn.8.16 is equal to the minimum required yield capacity of the 
corresponding axially unrestrained system defined by Eqn.8.11. However, as the beam 
maximum pseudo-static compressive arching capacities increase, the minimum required 
yield capacity of the grillage system and, therefore, the connection design hogging bending 
moments decrease. 
 
As noted previously, the beam maximum pseudo-static compressive arching capacity 
( max
,CdP ) is defined with respect to the connection tensile capacities based on Fig.6.8a. In this 
regard, provided the connection moment capacities are governed by the tensile capacities, 
the beam maximum pseudo-static compressive arching capacity depends on the connection 
moment capacities. Therefore, an iterative process may be needed in order to define the 
connection design hogging bending moments based on representative values of Cx  
(Eqn.8.15). This process is outlined in the flowchart of Fig.8.6 which represents an 
extension of the corresponding design process for axially unrestrained grillage systems 
presented in Fig.8.4. 
 
As shown in Fig.8.6, the compressive arching behaviour of the axially restrained beam 
systems may be initially ignored (i.e. 0
,
=∑ iCx ); therefore, the initial design value of 
qm rr  ignores the grillage compressive arching behaviour. Provided one or more axially 
restrained beam systems exhibit compressive arching action, the resulting value of qm rr  is 
lower than the corresponding design value. Therefore, the design solution is safe but it 
might be conservative; consequently, the connections may be re-designed by using the 
resulting value of qm rr  as a design value. Similarly to the design method of Section 8.2.1, 
the iterative process may continue until the optimum design solution is adequately 
approached. As noted in Section 8.2.1, the rate of convergence toward the optimum 
solution decreases as the number of iterations increases and a maximum number of 3-4 
iterations is normally required in order to obtain a quite acceptable design solution. 
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Figure 8.6   Connection design process for axially restrained grillage systems 
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8.3 Practical design considerations 
 
With regard to the simplified models developed in Section 8.2 and the corresponding 
outcomes of Chapters 5, 6 and 7 regarding the overall behaviour of axially unrestrained and 
restrained beam and grillage systems following sudden column loss, a series of practical 
considerations for design of grillage structures to resist progressive collapse is presented in 
this Section. These considerations are mainly associated with the basic structural 
parameters that influence the connection design bending moments – defined by the 
simplified models of Eqn.8.11 and Eqn.8.16 – as well as additional parameters that may 
influence the grillage ultimate capacity and are not considered by the simplified design 
approaches of Section 8.2. 
 
 
8.3.1 Basic parameters that influence the connection design bending moments 
 
The simplified models of Eqn.8.11 and Eqn.8.16 highlight the basic parameters that 
influence the connection design bending moments. For both axially restrained and 
unrestrained grillage systems, the design values of the connection hogging bending 
moments depend on the grillage configuration and boundary conditions, the ratio between 
the connection sagging and hogging moment capacities, the corresponding beam design 
bending moments and the ratio between the dynamic and static design loads. In addition, 
the connection design hogging bending moments of the axially restrained grillage systems 
also depend on the compressive arching behaviour of the axially restrained beams. The 
effects of the above parameters on the progressive collapse resistance of grillage structures 
are discussed next. 
 
Grillage configuration and boundary conditions 
Depending on the position of the removed column (i.e. at the corner, along the edge or 
interior to the peripheral of the grillage structure), the number of the affected structural 
bays, the number of the affected beams and the rotational boundary conditions of the 
affected beam systems vary, regardless of the degree of axial restraint. The effects of the 
grillage configuration and rotational boundary conditions on the resistance may be defined 
by minimizing the corresponding effects of the remaining parameters as follows: 
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- The sagging and hogging moment capacities of the rotationally restrained beams are 
considered as equal (i.e. 1=mx ), 
- The compressive arching effects are ignored (i.e. 0
,
=∑ iCx ), and  
- The beam design bending moments are defined based on the actual values of mz  
corresponding to simple construction (i.e. 0.5 and 1 for the edge and internal beams 
respectively). 
 
The corresponding values of qm rr  for the internal, edge and corner areas – as defined by 
Eqn.8.11 or Eqn.8.16 – are presented in Fig.8.7 (i.e. 1, 4/3 and 2 respectively). Provided qr  
(Eqn.8.10) is the same for all the areas of the grillage structure, an increase in qm rr  leads 
to a corresponding increase in mr  (Eqn.8.6). An increase in the latter parameter means that 
the required connection hogging moment capacity increases as compared to the 
corresponding beam design bending moment. However, the design bending moments of the 
edge beams are half the design bending moments of the corresponding internal beams. 
Therefore, the connection design bending moments of the edge beams may be equal (i.e. 
corner column removal) or lower (i.e. edge column removal) than the connection design 
bending moments of the corresponding beams affected by internal column removal, 
according to the values of qm rr  shown in Fig.8.7. 
 
 
Figure 8.7   Effects of the grillage configuration and boundary conditions on resistance 
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Connection sagging moment capacities 
In bare steel connections, the hogging and sagging moment capacities may be equal 
provided the connection is rather symmetric with respect to the neutral axis of the 
supported beam. In conventional connection design methods however, no consideration is 
given to the connection sagging moment capacity. In particular, greater priority is given to 
the tensile capacities of the bolt-rows furthest from the beam bottom flange, whereas the 
lower bolt-rows are typically dedicated to shear. In this regard, the sagging moment 
capacity may be lower than the hogging moment capacity. In addition, the connection 
hogging moment capacity increases as compared to the corresponding sagging moment 
capacity in the presence of composite action. 
 
According to Eqn.8.11 and Eqn.8.16, a decrease in the ratio between the connection 
sagging and hogging moment capacities ( mx ) of the rotationally restrained beam systems 
corresponds to an increase in the connection design hogging bending moments. With 
respect to the values of qm rr  shown in Fig.8.7 (associated with equal connection sagging 
and hogging moment capacities), the effects of decreasing the ratio between the sagging 
and hogging moment capacities are illustrated in Fig.8.8.  
 
 
Figure 8.8   Effects of the connection sagging moment capacities on grillage resistance 
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As the ratio between the sagging and hogging connection moment capacities ( mx ) of the 
rotationally restrained beams decreases, the connection design hogging bending moments 
increase almost exponentially (as defined by the increase in qm rr ). However, the rate of 
increase for the edge areas is lower due to the presence of cantilever beam systems (which 
are independent of the decrease in mx ), in contrast to the internal areas which consist of 
rotationally restrained beams only. The maximum value of qm rr  for both floor areas 
corresponds to zero connection sagging moment capacities. In that case, the affected 
grillage systems consist of cantilever beams only, similarly to the corresponding system 
affected by corner column removal. 
 
Compressive arching action 
According to Eqn.8.16, as the ratio between the maximum pseudo-static compressive 
arching capacity and the yield capacity ( Cx ) of the axially restrained beam systems 
increases, the connection design hogging bending moments decrease. With respect to the 
values of qm rr  shown in Fig.8.7 (associated with 0, =∑ iCx ), the effects of enhancing the 
compressive arching behaviour of the axially restrained beam systems are illustrated in 
Fig.8.9.  
 
 
Figure 8.9   Effects of the compressive arching action on grillage resistance 
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As shown in Fig.8.9, the rate of decrease in qm rr  decreases as Cx  increases. As noted 
previously however, Cx  may be significantly high when the beams are designed as simply 
supported and the corresponding yield capacities are rather low (Eqn.8.15). Otherwise, Cx  
is typically within the limits defined in Fig.8.9 and, most likely, around unity. It is shown, 
however, that the effects of compressive arching action on the connection design bending 
moments may be significant even when the maximum pseudo-static compressive arching 
capacities of the axially restrained beams are lower than the corresponding yield capacities 
(i.e. 1<Cx ). Since the compressive arching action depends on the interplay between 
several structural parameters however (as defined in Chapters 5 and 6), a reduction in the 
connection design bending moments should be carefully implemented in practice – i.e. the 
compressive arching effects should not be overestimated in the design. 
 
Distribution of loading 
Although the beams are designed based on the design loads per unit length defined by the 
actual beam transverse spacing, the connections may be designed by considering nominal 
values for the beam design bending moments. Therefore, by increasing the coefficient mz  
for a specific beam (Eqn.8.7), the connection design hogging bending moment of that 
member increases due to an increase in the corresponding beam nominal design bending 
moment (Eqn.8.6), whereas the connection design bending moments of the remaining 
members of the grillage system decrease according to Eqn.8.11 and Eqn.8.16. In this 
regard, the loading redistribution after column removal may be determined accordingly. 
 
As noted previously, the design bending moments of the edge beams are normally half the 
design bending moments of the corresponding internal beams provided no additional 
peripheral (i.e. façade) loading is considered. Accordingly, the connection design bending 
moments of the internal beams are twice the connection design bending moments of the 
corresponding edge beams. This design solution however, may not be practicable since it 
may result in relatively high values for the design bending moments of the beam-to-beam 
connections (i.e. the connections of the intermediate secondary beams). A rather more 
rational design solution is obtained by increasing the connection design bending moments 
of the edge beams and, therefore, decreasing accordingly the connection design bending 
moments of the internal beams through suitable variations in the coefficients mz . 
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Furthermore, the beam design bending moment increases exponentially by increasing the 
beam span. In this regard, when the span of the heavily-loaded beams (i.e. primary beams) 
is relatively high, the corresponding beam design bending moments and, therefore, 
connection design bending moments may be rather high. However, by decreasing the 
coefficient mz  of those beams and/or by increasing the corresponding coefficients of the 
remaining beams, the connection design bending moments of the heavily-loaded beams 
decrease and the connection design bending moments of the remaining beams increase 
accordingly. This design solution may result in a rather more uniform redistribution of 
loading among the affected members after column removal.  
 
Moreover, the intermediate secondary beams are typically considered as floor beams and, 
therefore, they are designed as nominally simply supported. In particular, partial-depth 
endplate or fin-plate arrangements are often employed for the beam-to-beam connections in 
practice. However, the moment capacities of these connection types may be struggle to 
meet the corresponding design values. To overcome this limitation, enhanced connection 
arrangements such as full-depth endplates may be adopted instead; however, these 
arrangements require stiffening with suitable weld preparation as shown in Fig.7.3 and 
Fig.7.4 and, therefore, may not represent a cost-efficient design solution. However, the 
design bending moments of the intermediate secondary beams may decrease by decreasing 
the corresponding values of mz . Therefore, the design bending moments of the beam-to-
column connections – which may exhibit enhanced behaviour as compared to the beam-to-
beam connections – of the system increase accordingly. 
 
Dynamic design load 
According to Eqn.8.11 and Eqn.8.16, the connection design bending moments increase 
linearly with respect to an increase in the ratio between the dynamic and static design loads 
( qr ). The magnitudes of the static and dynamic design loads depend on the unfactored dead 
and imposed gravity loads and the corresponding combinations of actions. Current codes 
and guidelines (BS 5950-1, 2001; EN 1991-1-7, 2006; GSA, 2003; DoD 2009; ASCE, 
2010) recommend different combinations of actions for the dynamic design load (Section 
2.2). In particular, the recommended level of imposed load essentially varies between 25% 
(GSA, 2003) and 50% (DoD, 2009) – though 100% may be considered in certain cases – of 
the corresponding unfactored value. 
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In Chapter 7, the dynamic design load has been defined based on the combination of 
actions recommended by the GSA (2003). For the specific unfactored dead and imposed 
loads (given in Eqn.7.1 and Eqn.7.2 respectively) and the corresponding combination of 
actions for the static design load (given in Eqn.7.3), the dynamic design load was equal to 
approximately 40% of the static design load. In this regard, the connection design bending 
moments for the internal, edge and corner grillage systems respectively are equal to 40%, 
53.3% and 80% of the corresponding beam design bending moments according to the 
values of qm rr  shown in Fig.8.7. 
 
 
8.3.2 Additional parameters that may influence performance 
 
The design approaches of Section 8.2 are based on several simplified models developed in 
Chapters 5 and 6. While these models represent quite adequately beam performance, they 
do not consider explicitly all the features of the response. In particular, some parameters of 
relatively limited practical significance or occurrence are ignored. The effects of those 
parameters on performance and their possible influence on the applicability of the design 
methods of Section 8.2 are discussed next. 
 
Initial rotational stiffness of the system 
The design methods of Section 8.2 assume that that the initial response of the grillage 
system is essentially rigid. Grillage structures however, normally exhibit a non-rigid initial 
response due to elastic rotations of the connections (Sections 3.5.2 and 5.3.2.1) as well as 
flexural deformations of the beams. 
 
The effects of a decrease in the initial stiffness of axially restrained and unrestrained beam 
systems are highlighted in Fig.5.7 of Chapter 5. By decreasing the initial stiffness, the 
absorbed energy within the initial stage of the response decreases and, therefore, the 
corresponding pseudo-static capacity decreases accordingly. For axially unrestrained beam 
systems, the above effects may be rather insignificant provided the connection ductility is 
not relatively low (Fig.5.7). For axially restrained beam systems however, the above effects 
may lead to a decrease in the maximum pseudo-static compressive arching capacity as 
shown in Fig.5.7 and, therefore, a decrease in the ultimate capacity – provided the ultimate 
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capacity is associated with the maximum pseudo-static compressive arching capacity – 
regardless of the connection ductility level. Consequently, the grillage response and 
ultimate capacity are affected accordingly. 
 
Provided the beam span-to-depth ratios are not very high and the connections are classified 
as semi-rigid, the initial stiffness of the grillage system is not very low and, therefore, the 
corresponding effects may be rather limited. Nevertheless, these effects should be 
considered in grillage design, especially when the system does not exhibit strain hardening. 
 
Post-limit rotational stiffness of the system 
The post-limit rotational stiffness of the grillage systems largely depend on the post-limit 
behaviour of the connections. Therefore, if the connections exhibit strain hardening, the 
grillage post-limit response is characterised by hardening, regardless of the degree of axial 
restraint. 
 
The ultimate capacity of an axially unrestrained grillage system may be distinctly higher 
than the corresponding yield capacity provided the post-limit stiffness of the system is 
relatively high and the connection ductility is not very low. On the other hand, strain 
hardening may also increase the maximum pseudo-static compressive arching capacity of 
axially restrained grillage systems; however, the corresponding effects may decrease as the 
beam deflection associated with the maximum pseudo-static compressive arching capacity 
decreases due to a decrease in the connection compressive capacities (Fig.6.8b). 
 
The exact effects of the connection post-limit stiffness on the ultimate capacity of both 
axially restrained and unrestrained grillage systems may be defined only by a complete 
representation of the load-deflection response. Therefore, the simplified approaches of 
Section 8.2 – which ignore the effects of the connection post-limit stiffness – may lead to 
rather conservative design solutions provided grillage performance is characterised by 
significant strain hardening. 
 
Connection ductility 
The design approaches of Section 8.2 are applicable provided the connection rotation 
capacities are not very low. In particular, it is assumed that failure of an axially restrained 
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grillage system occurs beyond the rising part of the pseudo-static load-deflection response. 
Otherwise, the connection ductility may limit significantly the ultimate capacity of the 
system. Although this scenario normally requires very low connection ductility levels, it is 
not practically impossible, especially in the presence of composite action (Fig.B.3). 
However, this form of structural behaviour is not desirable in progressive collapse because, 
apart from the effects on the ultimate capacity of the system, it leads to non-ductile failure 
modes.  
 
Tensile effects 
An important assumption of the design approach of Section 8.2.2 is that, in the presence of 
axial restraint, failure occurs prior to development of significant tensile catenary action. 
This assumption is realistic provided the grillage system exhibits distinct compressive 
arching response and/or the connection rotation capacities are not very high. When the 
compressive arching action is limited and the rotation capacity of the most critical 
connection is relatively high however, the grillage ultimate capacity may increase by tensile 
effects.  
 
The compressive arching effects decrease by decreasing the effective compressive stiffness 
and/or the connection compressive capacities of the axially restrained beam systems. 
Furthermore, a decrease in the connection compressive capacities leads to a decrease in the 
compressive arching stage and a corresponding increase in the transient tensile stage of the 
beam response. In particular, the system does not exhibit compressive arching response 
when the connection moment capacities are governed by the compressive components 
(Section 6.3.2). Accordingly, performance is governed by tensile effects; however, the 
tensile effects are normally pronounced at beam deflections significantly greater than the 
beam depth (Fig.6.9 and Fig.6.10). 
 
In this regard, when the compressive arching action is very limited (thus, 0
,
≈∑ iCx   in 
Eqn.8.16) and the connections possess sufficient ductility (thus, failure occurs beyond the 
limit deflection defined above), the ultimate capacity of axially restrained grillage systems 
most likely increases due to tensile effects. In this case, the design approach of Section 
8.2.2 may lead to conservative design solutions. 
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Connection moment capacities of axially restrained beams 
The beam elastic deflection is largely governed by flexural deformation of the beam section 
and/or connection compressive deformations. In the presence of axial restraint, these 
deformations lead to the development of a tensile axial load within the elastic stage of the 
response as explained in Sections 5.4.2 and 6.2.2 respectively. The effects of the tensile 
axial load however, lead to decreases in the connection moment capacities and, therefore, 
the beam yield capacity decreases accordingly. 
 
The design approach of Section 8.2.2 does not take into account the above parameter; 
consequently, the yield capacities of the axially restrained beams and, therefore, the grillage 
yield capacity are rather overestimated. Although these effects are often relatively limited, 
it is important to be considered in the design of axially restrained grillage systems. 
 
 
8.3.3 Influence of the supporting members on connection performance 
 
In the study of Chapter 7, the single-sided connections subject to sagging bending moment 
have been considered as rotationally released and the corresponding beams treated as 
cantilevers. However, the flexibility of the supporting members of the single-sided 
connections subject to hogging bending moment has been ignored and, therefore, the 
corresponding beams have been considered as rotationally restrained at both ends. In 
particular, for both the single-sided connections subject to hogging bending moment and 
the double-sided connections subject to either hogging or sagging bending moment, the 
supporting components have been considered as rigid. This simplification aimed to reduce 
the number of different structural components so as to enable comparison between the 
responses of identical grillage systems with different planar boundary conditions (i.e. 
axially restrained and unrestrained respectively). 
 
However, the actual response of the single-sided connections subject to hogging bending 
moment may be comparatively flexible, especially when the supported beam is connected 
to the web of the supporting member (i.e. beam-to-beam or minor-axis beam-to-column 
connections). Although the behaviour of these connections has received some study (e.g.  
Lima et al., 2002, 2009), no formal provisions are included yet in the component method of 
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EN 1993-1-8 (2005) for characterisation of the corresponding components (i.e. beam or 
column web in bending). In particular, the single-sided beam-to-beam and minor-axis 
beam-to-column connections are traditionally considered as flexible. In this regard, the 
corresponding beams may essentially behave as cantilevers subject to sagging bending 
moment following column removal. By considering those beam systems as cantilevers 
however, the connection design bending moments of the corresponding grillage systems 
increase accordingly. 
 
In double-sided minor-axis beam-to-column and beam-to-beam connections however, the 
web of the supporting member is constrained by the connection on the opposite site of the 
joint. Finally, the single-sided and double-sided major-axis beam-to-column connections 
should be designed by considering the capacity and stiffness of the column web and flange 
(EN 1993-1-8, 2005).  
 
 
8.3.4 Practical methods for enhancing connection performance 
 
It has been established that the progressive collapse performance of steel and composite 
buildings is most effectively enhanced by increasing the connection moment capacities. An 
increase in the connection moment capacity however, is typically accompanied by a 
reduction in the connection ductility. However, a significant reduction in the connection 
ductility may lead to a decrease in the resistance against progressive collapse. In this 
regard, the connections should be designed so as to both transmit the required levels of 
bending moments and possess sufficient ductility. 
 
A practical method for increasing the moment capacity of flush endplate connections is 
increasing the endplate thickness, provided the moment capacity is not governed by the 
compressive components. An increase in the connection endplate thickness however, may 
cause significant decrease in the connection ductility, especially when the bolt tensile 
capacities become critical (Section 7.4). This limitation may be overcome by decreasing the 
endplate flexural stiffness. The latter may be implemented by increasing the endplate 
breadth and the bolt gauge. Otherwise, the connection ductility may increase by increasing 
the grade and/or the diameter of the bolts. 
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Furthermore, the connection moment capacity may be increased by adopting extended 
instead of flush endplates. In bare steel connections, the endplates may be extended both 
ways for increasing both the sagging and hogging connection moment capacities. Similarly, 
the sagging moment capacity of composite connections may be increased by extending the 
endplate below the beam bottom flange. In addition, the bolt-rows outside the beam flanges 
– which are the most remote bolt-rows from the compressive centres – normally exhibit a 
rather ductile behaviour. 
 
In composite connections, the hogging moment capacity may also increase by increasing 
the tensile capacity of the reinforcement. However, in the presence of significant 
reinforcement, the hogging moment capacity of composite connections is often limited by 
the resistance of the compressive zone. In the current study, the beam flange/web 
compressive resistance has been defined according to EN 1993-1-8 (2005) and the 
compressive centre was considered as constant (i.e. at the compressive centre of the beam 
flange). Traditional methods for design of composite connections however (BCSA/SCI, 
1998), suggest that the dispersion of the compressive forces within the beam web is defined 
precisely based on the corresponding connection tensile capacity. In this case, the 
connection compressive resistance may increase; however, the connection compressive 
centre is redefined accordingly and the lever-arms of the tensile components decrease. 
 
Furthermore, the moment capacity of major-axis beam-to-column connections may be 
limited by the column web compressive resistance or the capacity of the column web shear 
panel. In this case, an increase in the connection moment capacity may require 
strengthening of the compressive or the shear zone of the column web respectively 
(BCSA/SCI, 1995). Strengthening, however, is not a desirable design solution since it 
increases significantly the cost of the connection. Therefore, it is important to ensure that 
the connection moment capacity is not limited by the column web compressive or shear 
resistance. 
 
However, it has been confirmed that a composite connection that is subject to hogging 
bending moment may exhibit rather low ductility if its rotation is largely governed by 
deformations of the tensile components. Therefore, when the connection hogging moment 
capacity is governed by the beam flange or the beam web compressive resistance or by the 
column web shear resistance, the connection ductility may be distinctly higher. 
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8.3.5 Critical grillage areas 
 
The two most recent guidelines for progressive collapse mitigation (GSA, 2003; DoD, 
2009) suggest that the progressive collapse resistance of a typical steel-framed building (i.e. 
with uniform and repetitive layout) may be assessed by considering four column removal 
scenarios corresponding to the following locations: 
- Near or at the middle of each side of the building,   
- The corner of the building, and 
- Interior to the perimeter of the building. 
 
Those essentially represent the column removal cases E1, E3, C1 and I4 (or I2, or I3) 
respectively shown in Fig.8.2a. 
 
Therefore, it is assumed that the progressive collapse resistance of the peripheral region of 
the building is adequately assessed by considering only the column removal cases E1, E3 
and C1. However, according to the outcomes of the current study, the behaviour of the 
axially unrestrained edge areas (i.e. E2 and E4) may differ considerably from the behaviour 
of either the corresponding axially restrained areas (E1 and E3 respectively) or the corner 
area. In particular, the resistances of the axially unrestrained edge areas may be lower than 
the resistances of the corresponding axially restrained areas due to the absence of 
compressive arching and/or tensile catenary actions. In addition, the resistances of the 
axially unrestrained edge areas may be lower than the resistance of the corner area when the 
connection sagging moment capacities are relatively low.  
 
Regarding the internal floor areas, resistance may indeed be assessed by considering only 
the column removal case I4 since the affected areas associated with the remaining internal 
column removal cases are axially restrained and, therefore, their capacities are normally 
relatively higher. Accordingly, the resistance of the external areas may be assessed by 
considering only the column removal cases E2, E4 and C1. This concept however, ignores 
the effects of the axial restraint and, therefore, may lead to conservative design solutions for 
the axially restrained areas which typically represent the greatest part of the building. In this 
regard, the most suitable design solution may be determined by considering the various 
column removal cases shown in Fig.8.2b. 
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8.4 Summary and conclusions 
 
Based on the key-features of the behaviour of beam and grillage systems following sudden 
column loss defined in Chapters 5, 6 and 7 and the basic features of the Imperial College 
framework, simplified methods for the design of grillage structures to resist progressive 
collapse have been proposed in this Chapter. These methods facilitate predictions of the 
grillage yield capacity and maximum pseudo-static compressive arching capacity which 
typically represent the most important features of the performance of axially unrestrained 
and restrained grillage systems respectively when involved in progressive collapse.  
 
Although these design methods may provide an adequately representative indication of the 
resistance of grillage structures against progressive collapse, they do not precisely consider 
all the features of the response. In particular, the connection strain hardening and the tensile 
catenary action, which may lead to an increase in the ultimate capacity, are ignored. 
Similarly, some other parameters that may cause a decrease in the ultimate capacity – such 
as the actual initial stiffness of the system and/or the decrease in the connection moment 
capacities in the presence of axial restraint – are also ignored. The possible effects of those 
parameters are extensively discussed in this Chapter and advice provided on when and how 
they should be considered in design. 
 
These simplified methods may be applied directly to assess the resistance of given grillage 
structures against progressive collapse as well as being used for the design of grillage 
structures to resist progressive collapse. In the latter case however, an iterative process may 
be required in order to define an optimum design solution. An application and verification 
against the original Imperial College framework is given in Appendix C, where it is 
confirmed that the methods should provide a realistic representation of performance. 
 
While grillage performance following sudden column loss may be most effectively 
represented by more sophisticated approaches (i.e. the complete Imperial College 
framework), the simplified methods proposed in this Chapter may be adopted for 
preliminary design in practice. Most importantly, the essentials of these methods and the 
corresponding design considerations presented herein may be utilised in future research for 
development of similar and, possibly, rather improved practical design approaches. 
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Chapter 9 
 
Closure 
 
 
 
9.1 Summary and conclusions 
 
Methods for designing building structures to resist progressive collapse are in the process 
of changing from prescriptive to quantitative. Research studies at Imperial College London 
over the past seven years have been oriented towards that perspective. The present work 
forms a part of the continuing programme and is dedicated to the study of the progressive 
collapse response of steel and composite buildings. The study was principally motivated by 
the need for understanding the fundamental mechanics of the problem which is considered 
as an essential component for the development of design methods that will be able to 
represent the basic features of progressive collapse whilst providing the simplicity needed 
for routine use in practice. 
 
A simplified progressive collapse assessment framework was previously developed at 
Imperial based on the sudden column loss concept of the alternative load path design 
method. For that design scenario, the dynamic global response of the structure should be 
typically examined. Although such an application normally requires detailed finite element 
analysis, the Imperial framework simplifies considerably the analysis process by 
introducing two simple approaches. Based on a simplified multi-level assembly approach, 
the response at higher levels of structural idealisation (i.e. full structure or substantial 
substructure) is obtained by assembling the responses at lower levels (i.e. individual 
beams). In addition, the dynamic effects are incorporated through a simplified energy-
equivalence approach which transforms the static response at any level of structural 
idealisation to pseudo-static. In this regard, the demanding analysis process is essentially 
reduced to the prediction of the nonlinear static responses of the individual beams of the 
affected structural system. 
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The beam nonlinear static response following column removal may be obtained by using 
any type of structural analysis. While performance may most effectively be represented by 
detailed numerical models, simplified models can also be adopted provided they are 
capable of capturing the essential features of the response. In addition, simplified models 
normally allow rapid quantitative examination of different alternatives which is essential 
for studying and understanding the mechanics of the problem. In this regard, the initial 
objective of the current study was the development of a suitable simplified model to 
represent the beam nonlinear static response following column loss. 
 
The connection behaviour is the most important feature of the progressive collapse 
response of building structures. Based on an appropriate mechanical spring model 
developed in previous studies, an analytical method for modelling connection behaviour 
following column removal was developed. The analytical model provides an explicit 
representation of the connection elastic and post-limit moment-rotation response by 
accounting for the effects of the beam axial load developed at the various stages of the 
performance of axially restrained beams in progressive collapse. The connection model was 
then incorporated into an extended slope-deflection approach and an analytical method for 
prediction of the beam nonlinear static response was derived. The method was verified 
against several results obtained from detailed numerical analyses covering both bare steel 
and composite axially restrained and unrestrained arrangements and exhibited excellent 
agreement. 
 
Basic mechanics of beam performance 
The analytical method was then applied in a series of parametric studies to explore and 
understand the connection and beam behaviour following column removal. Based on 
several observations from those studies, key features of performance were identified. For 
instance, it was concluded that the response of axially restrained beam systems is 
significantly simplified when the effects of the connection compressive behaviour are 
ignored. 
 
In response to that, the mechanics of beam performance were first explored by considering 
rigid connection compressive behaviour. An appropriate mechanical model was considered 
and a series of simple mathematical equations covering the various stages of response – i.e. 
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elastic, compressive arching, transient tensile and tensile catenary – was derived. It was, 
therefore, possible to appraise quantitatively the effects of each structural parameter on 
each stage. 
 
A separate study was then conducted to explore the influence of the connection 
compressive behaviour on the response of axially restrained beams. The effects of finite 
connection compressive stiffness and capacity on performance were explored individually 
by using the analytical method. With regard to the behaviour of the corresponding beam 
systems with rigid connection compressive behaviour explored previously, it was possible 
to appraise quantitatively the influence of the connection compressive parameters on 
performance. 
 
From those studies, the following conclusions regarding the basic mechanics of the static 
and pseudo-static responses of axially restrained and unrestrained beams following column 
removal were defined: 
- Regardless of the degree of axial restraint, the elastic stage of the response is mainly 
governed by the overall flexural behaviour of the system which depends on the 
elastic flexural stiffness of the beam and the connections.  
- The elastic flexural stiffness of the system defines the rate of increase in the 
absorbed energy within the elastic stage and, therefore, influences accordingly the 
pseudo-static capacity during the following stages of performance. 
- The static and pseudo-static yield capacity of the beam system mainly depends on 
the sum of the connection moment capacities and the beam span. 
- The yield capacity of axially restrained beams may also depend on the connection 
compressive stiffness and/or the beam flexural rigidity. A decrease in one of those 
parameters results in a relative decrease in the yield capacity; however, the practical 
significance of this effect is found to be rather limited. 
- The post-limit stage of the response of axially unrestrained beams largely depends 
on the post-limit stiffness of the connections. In addition, performance of axially 
restrained beams within the post-limit stage may be enhanced by the effects of the 
beam axial load. 
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- The post-limit response of axially restrained beams consists of the compressive 
arching stage (i.e. governed by flexural and compressive effects), the transient 
tensile stage (i.e. governed by flexural and tensile effects) and the final tensile 
catenary stage (i.e. principally governed by tensile effects). 
- Compressive arching action may develop only when the connection moment 
capacities are governed by the resistances of the tensile components.  
- The compressive arching effects depend on the effective compressive stiffness of 
the system – which is associated with the compressive stiffness of the beam, the 
axial support and the connections as well as the beam flexural rigidity – and the 
beam span-to-depth ratio. 
- Provided the connection compressive capacities are not exhausted, the maximum 
pseudo-static compressive arching capacity is developed at a beam deflection 
approximately equal to 2/3 of the beam depth and the sign of the beam axial load 
changes to tensile when the beam deflection becomes equal to approximately twice 
the beam depth. 
- The above values decrease as the connection compressive capacities decrease 
provided yielding of the connection compressive components occurs within the 
compressive arching stage. Similarly, the values of the maximum static and pseudo-
static compressive arching capacities decrease accordingly. 
- As the compressive arching effects decrease, the transient tensile stage increases. 
Within the transient tensile stage, a significant increase in the capacity is typically 
observed. This effect, however, is pronounced only when the beam deflection is 
greater than the beam depth. 
- The transient tensile stage is followed by the tensile catenary stage which is 
principally governed by tensile effects. Performance within this stage mainly 
depends on the connection tying capacity, the effective tensile stiffness of the 
system (i.e. the beam and axial support tensile stiffness and, most importantly, the 
connection post-limit tensile stiffness) and the beam span. 
- The ultimate static or pseudo-static capacity of axially restrained beams will largely 
depend on the connection ductility provided the latter is sufficiently high or the 
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compressive arching effects are relatively limited – i.e. when it is possible for 
failure to occur after the development of significant tensile effects. Otherwise, the 
influence of the connection ductility on the capacity may be less significant. 
 
Implementation to design 
The above outcomes were subsequently used to appraise the behaviour of bare steel and 
composite grillage systems following sudden column removal. It was found that, for 
average values of connection ductility, failure most likely occurs prior to the development 
of significant tensile catenary action. In this regard, the ultimate capacity largely depends 
on the yield capacities and the maximum compressive arching capacities (i.e. in the 
presence of axial restraint) of the individual beam systems provided their ductility is not 
very low. In addition, performance may be enhanced by strain hardening of the connection 
components. 
 
It was confirmed that the yield capacity and maximum compressive arching capacity of a 
grillage system may be approximated by assembling the corresponding capacities of the 
individual beams according to the multi-level assembly approach of the Imperial College 
method. Those two parameters may, therefore, provide a quite reasonable approximation of 
the capacity of axially unrestrained and restrained grillage systems respectively. It was also 
concluded that both the yield capacity and the maximum capacity within the compressive 
arching stage can be most effectively increased in practice by increasing the connection 
moment capacities. 
 
Therefore, design methods for progressive collapse should be primarily oriented towards 
the prediction of the required connection moment capacities. Based on that conclusion, 
simplified methods for designing axially unrestrained and restrained grillage systems were 
developed. Although those design approaches disregard some features of performance – 
such as the beneficial effects of strain hardening and tensile catenary action on the ultimate 
pseudo-static capacity and the possible decrease in the pseudo-static capacity when the 
system exhibits a rather flexible elastic flexural behaviour – they can provide reliable 
approximations of the connection design bending moments. Provided the effects of 
compressive arching action are considered in the design however, those should be defined 
based on reliable values of axial stiffness of the various structural components. 
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9.2 Suggestions for future research 
 
The outcomes of the current study – as summarised in Section 9.1 and explained in detail in 
the previous Chapters – can assist future research studies with the development of complete 
methods for the design of building structures to resist progressive collapse. Some 
suggestions that, it is believed, may facilitate the process are given in Section 9.2.1. Further 
suggestions for research studies into different features of the problem – i.e. not directly 
associated with the specific features explored in this study – that should also be considered 
in the design are provided in Section 9.2.2. 
 
 
9.2.1 Suggestions based on the outcomes of the current study 
 
As noted previously, the simplified design methods proposed in the last part of this study 
are solely associated with the prediction of two important parameters of the response of 
grillage systems following sudden column loss: 1) the grillage yield capacity and, 2) the 
grillage maximum pseudo-static capacity within the compressive arching stage. For many 
practical arrangements, the ultimate capacity is largely – but not exclusively – associated 
with either of these two parameters. In addition, the corresponding design methods are 
rather simple since they are virtually independent of the connection ductility.  
 
Provided the connection ductility is rather low – i.e. an unfavourable scenario in 
progressive collapse – and/or the initial flexural stiffness of the system is very low (which 
is unlikely in semi-continuous construction and may also be detrimental to the resistance), 
the given design methods may fractionally overestimate the ultimate capacity and lead to 
unsafe design solutions, especially when the strain hardening effects are very limited. Most 
likely, however, the proposed design methods underestimate the ultimate capacity and 
provide conservative solutions since they do not take into account the beneficial effects of 
strain hardening and tensile catenary action on the ultimate capacity. 
 
Although the effects of low ductility and initial flexural stiffness on the ultimate capacity 
are practically rather small, they should be implicitly considered in the design (i.e. by 
imposing minimum prescriptive criteria). On the other hand, the effects of strain hardening 
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and tensile catenary action on the ultimate capacity can be significant and, therefore, they 
should be explicitly considered in the design. In this regard, the simplified design methods 
proposed in this study may be developed accordingly in future studies so as to incorporate 
these effects. 
 
The structural parameters that govern the strain hardening behaviour of connections and the 
beam response during the tensile catenary stage have been identified in Chapter 5 (i.e. 
connection tying capacity and post-limit stiffness); therefore, those outcomes may facilitate 
future studies. Apart from those structural parameters however, the effects of strain 
hardening and tensile catenary action on the ultimate capacity of beam and grillage systems 
also depend on the connection ductility.  
 
The grillage ultimate capacity may be difficult to be defined with respect to the strain 
hardening and tensile catenary effects based on simple and practically attractive 
mathematical equations. In this regard, those effects may be incorporated into the design 
methods developed in the current study through suitable reduction factors (i.e. determined 
based on appropriate tables and/or graphs). Therefore, those reduction factors should be 
capable of representing the effects of the interplay between the connection tying resistance, 
post-limit tensile stiffness and ductility on the ultimate capacity of the grillage system, with 
respect to the grillage geometry. 
 
 
9.2.2 Further suggestions 
 
The current study has explored the progressive collapse response of typical steel and 
composite buildings by focusing on the basic features of the behaviour of beam and grillage 
systems following sudden column loss. However, the topic of progressive collapse has 
many aspects and will, therefore, remain to the fore of research activity for some 
considerable time. Some features of the problem that may need to be explored in 
subsequent research studies are outlined next: 
- Connection ductility: The connection ductility may be an important parameter in 
progressive collapse, especially when performance can be significantly enhanced by 
tensile catenary action. Therefore, research studies should seek to identify explicit 
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connection failure criteria. Available experimental data may be used in these studies 
as well as appropriate tests may be conducted where possible. 
- Connection post-limit behaviour: Similarly to the connection ductility, the post-limit 
stiffness of the connection components should receive more systematic study and 
corresponding provisions should be explicitly introduced into the design codes.  
- Slab membrane effects: Although the slab effects are probably limited within the 
initial flexural stage of the response following sudden column loss, membrane 
action may considerably enhance performance at relatively large deflections as has 
been defined in several recent studies (Chapter 2). In this regard, these effects 
should be further studied and incorporated into the design methods. 
- Strain rate effects: This topic is currently studied at Imperial College (Pereira, 
2012). Numerical studies (Pereira and Izzuddin, 2009) have confirmed that the 
increased dynamic strength of structural components may indeed significantly 
enhance performance in progressive collapse and, therefore, these effects should be 
incorporated into the design methods. 
- Stability of surrounding columns: The inability of the remaining columns to sustain 
the redistributed load originally supported by the failed column may lead to 
horizontal propagation of failure which will most likely result in disproportionate 
collapse. Therefore, the multi-level approach of the Imperial College design 
framework should be developed accordingly in order to account for the resistance of 
those structural members. 
- Multiple column removal scenarios: The study of such scenarios will, most likely, 
require numerical approaches. The governing resistance mechanisms may change as 
the number of removed columns increases (i.e. compressive arching and flexural 
effects may become less significant) and the resistances of the remaining columns 
become more critical. This topic has already received some study at Imperial 
College (Pereira, 2012). It would be useful, however, to identify representative 
margins of the possible rate of decrease in resistance with respect to the increase in 
the number of failed columns. 
- Irregular frame arrangements: Further studies may explore column removal 
scenarios affecting adjacent structural bays with different planar sizes. In this case, 
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the simplification of considering only half of the double-span beam (i.e. consisting 
of two beams with different spans) cannot be considered in the presence of axial 
restraint. Therefore, detailed numerical approaches may be required in these studies. 
It would be useful to examine whether the progressive collapse performance of such 
frames can be approximated based on the behaviour of regular frames with 
corresponding average dimensions.  
 
It is believed that the basic assessment framework developed previously at Imperial College 
and the new developments of the current study have gone some way towards the production 
of design approaches that will be based on proper treatment of the mechanics of progressive 
collapse and will replace the rather prescriptive methods that are employed in current 
practice. Future research studies can, therefore, build on these developments to arrive at 
such design approaches. 
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Appendix A 
 
Numerical verification of the beam load-deflection 
analytical method 
 
 
Supplementary results obtained from the analytical and numerical analyses performed to 
verify the ability of the analytical method of Chapter 4 to accurately represent beam 
performance following column loss are presented herein. Apart from the load-deflection 
curves that are presented in Section 4.4.2, the component forces and deformations have 
been obtained from each analysis. The most important parameters are presented in Fig.A.1-
Fig.A.8. These are the support and mid-span connection rotations associated with 
deformations of the tensile and compressive components respectively, the support and mid-
span connection bending moments and the beam axial load. Furthermore, the corresponding 
pseudo-static response of each system, defined based on the Imperial College method, is 
presented. Agreement between the results obtained from the two methods of analysis is 
excellent in all cases and, therefore, it is established that the features of the problem are 
represented accurately by the analytical method. The outline of the verification study and 
the corresponding specifications of each beam arrangement are given in Table A.1. 
 
 
Table A.1   Outline of the verification study
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Figure A.1   Axially restrained bare steel beams with minor-axis connections and various 
endplate thicknesses 
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Figure A.2   Axially unrestrained bare steel beams with minor-axis connections and 
various endplate thicknesses 
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Figure A.3   Axially restrained bare steel beams with major-axis connections and various 
endplate thicknesses 
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Figure A.4   Axially restrained bare steel beams with minor-axis connections and various 
spans 
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Figure A.5   Axially restrained composite beams with various endplate thicknesses 
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Figure A.6   Axially unrestrained composite beams with various endplate thicknesses 
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Figure A.7   Axially restrained composite beams with various rebar numbers 
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Figure A.8   Axially restrained composite beams with various spans 
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Appendix B 
 
Supplementary study of grillage performance 
following sudden column loss 
 
 
The progressive collapse response of the grillage system studied in Section 7.3 is compared 
herein with the responses of corresponding grillage systems with different configurations. 
The configuration of a single structural bay of the original grillage system shown in Fig.7.6 
(denoted as ‘Grillage configuration 1’ in this study) is modified as shown in Fig.B.1 (i.e. 
Grillage configurations 2 and 3) by increasing the span of the transverse (primary) beams. 
On the other hand, the span and the transverse spacing of the longitudinal (secondary) 
beams are kept constant; therefore, the number of the intermediate secondary beams 
increases accordingly with increases in the span of the primary beams as shown in Fig.B.1. 
 
 
Grillage design 
 
Similarly to Section 7.2, the grillage systems shown in Fig.B.1 are designed as bare steel 
and composite based on the concept of simple construction. Since the design loading of the 
secondary beams is constant, the corresponding steel sections as well as the beam-to-beam 
and minor-axis beam-to-column connections are the same for all the grillage configurations 
(as defined in Sections 7.2.2 and 7.2.3 respectively). However, the primary beams and the 
major-axis beam-to-column connections of Grillage configurations 2 and 3 are designed 
based on the corresponding design bending moments and shear forces respectively. The 
dimensions and properties of the primary beams of the various grillage configurations are 
presented in Table B.1 and the arrangements of the major-axis beam-to-column connections 
of Grillage configurations 2 and 3 are shown in Fig.B.2. The corresponding connection 
shear resistances, compressive capacities, tensile capacities, moment capacities and rotation 
capacities (defined based on the failure criteria adopted in Section 7.2.4) are presented in 
Table B.2. 
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Figure B.1   Grillage configurations and deformation modes 
 
 
Table B.1   Dimensions and properties of the primary beams 
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Figure B.2   Major-axis beam-to-column connection arrangements (dimensions in mm) 
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Table B.2   Structural properties of the major-axis beam-to-column connections 
 
As the beam span increases, the beam design bending moment increases exponentially 
(Table B.1) whereas the connection design shear forces increase linearly (Table B.2). 
Similarly, the connection moment capacities increase approximately linearly (Table B.2) 
with respect to the increase in the beam span. In this regard, the increase in the connection 
moment capacities is disproportional to the corresponding increase in the beam design 
bending moment and, therefore, the connection normalised moment capacities decrease as 
the beam span increases. In addition, both the connection compressive and tensile 
capacities increase by increasing the beam span; however, the increase in the compressive 
capacities is substantially higher. Finally, the connection rotation capacities associated with 
deformation of the tensile components decrease with increasing the beam span, mainly due 
to the increase in the beam depth and the lever arms of the critical tensile components. 
 
 
Beam pseudo-static responses 
 
The pseudo-static responses of the primary beams of Grillage configurations 2 and 3 are 
presented in Fig.B.3 and they are compared with the responses of the corresponding beams 
of Grillage configuration 1 defined in Section 7.3.2. Furthermore, a comparison between 
the pseudo-static responses of the secondary beams with various deformation compatibility 
factors as defined by the grillage deformation modes in Fig.B.1 is given in Fig.B.4. 
 
As noted above, the connection moment capacities increase approximately linearly with 
increases in the beam span. Therefore, the corresponding variation in the yield capacities 
( ydP ) of the corresponding beam systems (i.e. axially restrained, axially unrestrained and 
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cantilever) is very limited as defined by the pseudo-static curves in Fig.B.3 and confirmed 
by the corresponding simplified predictions (Eqn.5.28) shown in Table B.3. 
 
Although the beam span-to-depth ratio increases with increases in the beam span (Table 
B.1), the compressive arching effects of the axially restrained systems increase due to the 
increase in the beam depth (Section 5.3). In addition, as the beam span increases, the 
effective axial stiffness of the system ( aEIK ) increases (Table B.3) due to the increase in the 
beam cross-sectional area. In this regard, the maximum compressive axial load ( CN max ) and 
the maximum pseudo-static compressive arching capacity ( 0
,CdP ) of the corresponding 
systems with infinite connection compressive capacities increase with increases in the beam 
span as shown in Table B.3 (Eqn.5.7 and Eqn.5.13 respectively) and confirmed in Fig.B.3. 
 
Although both the connection compressive and tensile capacities increase with increases in 
the beam span (Table B.2), the increase in the compressive capacity is substantially higher. 
Therefore, the maximum pseudo-static compressive arching capacities ( max
,CdP ) of the axially 
restrained systems with finite connection compressive capacities increase accordingly with 
increases in the beam span as shown in Table B.3 (Fig.6.8a) and confirmed in Fig.B.3. 
 
 
Table B.3   Key-parameters of beam performance defined based on simplified models 
 
Due to the decrease in the connection rotation capacities (Table B.2), the increase in the 
ultimate deflections of the bare steel beams is disproportional to the increase in the beam 
span as shown in Fig.B.3. On the other hand, the ultimate deflections of the axially 
unrestrained and cantilever composite beams decrease significantly with increases in the 
beam span due to rebar failure prior to yielding of the corresponding beam flanges. 
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Figure B.3   Pseudo-static responses of the transverse (primary) beams 
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Figure B.4   Pseudo-static responses of the longitudinal (secondary) beams with various 
deformation compatibility factors 
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Grillage pseudo-static capacities 
 
The capacity-demand ratios of the various grillage configurations for the nine different 
column removal cases adopted in Section 7.3.3 are presented in Table B.4. It is shown that, 
as the span of the primary beam increases, the grillage capacity-demand ratios decrease. 
The rate of decrease, however, varies depending on the structure type (bare steel or 
composite), the arrangement of the affected grillage system (number and deformation 
compatibility factors of the affected beams) and the boundary conditions of the affected 
beams.  
 
 
Table B.4   Grillage capacity-demand ratios 
 
As the span of the primary beams increases, the affected area increases and the total 
dynamic design load (Demand) increases accordingly. In particular, the total dynamic 
design load increases identically to the increase in the span of the primary beams. 
 
On the other hand, the corresponding variations in the grillage pseudo-static capacities 
shown in Table B.4 depend on the interplay between the following parameters: 
- Yield capacity of the primary beam systems: this parameter remains approximately 
constant as the span of the primary beam increases and, therefore, barely influences 
the grillage ultimate capacity. This, however, is the principal reason for the 
corresponding decrease in the capacity-demand ratio. 
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- Compressive arching action of the axially restrained primary beams: as the beam 
span increases, the maximum compressive arching capacity of the axially restrained 
primary beam increases and the grillage capacity increases accordingly. In this 
regard, the rate of decrease in the capacity-demand ratio of the transversally axially 
restrained floor areas (i.e. I1, I2 and E3) is lower than the rate of decrease in the 
capacity-demand ratio of the remaining areas. 
- Ultimate deflections of the primary beams: as the span increases, the ultimate 
deflections of the composite axially unrestrained and cantilever primary beams 
decrease and the grillage ultimate capacity decreases accordingly. In this regard, the 
rate of decrease in the capacity-demand ratio of the corresponding composite 
grillage systems (i.e. I3, I4, E1, E2, E4 and C1) is relatively high. 
- Number of the intermediate secondary beams: by increasing the span of the primary 
beams, the number of the intermediate secondary beams and their contribution to 
grillage performance increase; therefore, the grillage capacity increases accordingly. 
In this regard, as the number of the intermediate secondary beams increases as 
compared with the number of the remaining beams (i.e. Edge against Corner and 
Internal against Edge), the rate of decrease in the capacity-demand ratio decreases. 
 
 
Conclusions 
 
The outcomes of the current supplementary study confirm some of the most important 
conclusions of the basic study of Chapter 7 as well as highlighting additional parameters 
that may affect performance of grillage systems following sudden column loss. In 
particular, it has been confirmed that the connection moment capacity is an important 
parameter for the progressive collapse resistance, regardless of the grillage boundary 
conditions and the effects of compressive arching action. However, the level of the 
connection ductility is also important since failure of a beam system at a relatively low 
deflection – due to limited ductility of the corresponding connections – may lead to a 
significant decrease in the grillage ultimate capacity. Furthermore, an increase in the 
number of the intermediate secondary beams enhances grillage performance; however, that 
effect may be rather insignificant since grillage behaviour is mainly governed by the 
responses of the most effective members (i.e. end secondary or primary beams). 
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Appendix C 
 
Worked example for grillage design against 
progressive collapse 
 
 
In the case study of Chapter 7, the bare steel and composite grillage structures have been 
designed based on the concept of simple construction. It has been concluded however, that 
the above design approach may not guarantee resistance against progressive collapse, 
especially in the absence of composite action. For the given floor layout (Fig.7.1) and beam 
cross-sections (Table 7.1), the beam-to-column and beam-to-beam connections of the bare 
steel and composite grillage structures are re-designed herein based on the design 
approaches of Section 8.2. 
 
 
Grillage layout and loading 
 
Design loads 
The given values of the static ( Edq ) and dynamic ( Eddq , ) design loads per unit area are 
13.17kN/m2 (Eqn.7.3) and 5.45kN/m2 (Eqn.7.6) respectively; therefore, the ratio between 
the dynamic and static design loads (Eqn.8.10) is defined as follows: 
 414.0r =q  (C.1) 
 
Grillage layout 
For the given grillage layout (Fig.7.1), the numbers of the intermediate beams ( in ) in a 
single structural bay are defined as follows: 
 
1
0
:beamsSecondary -
:beamsPrimary -
=
=
n
n
 (C.2) 
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Distribution of loading 
Similarly to the original structures designed in Section 7.2, all the connections are designed 
herein so as to transmit the same level of bending moment. As noted in Section 8.3.1, this 
may be implemented by considering suitable values for the corresponding beam design 
bending moments. As shown in Table 7.1, the design bending moment for the internal 
primary beam (i.e. 273.1kNm) is equal to 4/3 times the design bending moment for the 
internal secondary beam (i.e. 204.8kNm). Therefore, by considering the following values 
for the coefficients mz  in Eqn.8.7, the design bending moments for all the connections of 
the grillage system become equal: 
 
3/4
1
:beamssecondary  edge and Internal-
:beamsprimary  edge and Internal-
=
=
m
m
z
z
 (C.3) 
 
Based on the above values, the following nominal design bending moment is considered for 
all the beams (Eqn.8.7): 
 kNm1.273
,
=EdbM  (C.4) 
 
 
Bare steel grillage structure 
 
The connections of the bare steel grillage structure are designed based on the corresponding 
original arrangements shown in Fig.7.3, where the required moment capacities are defined 
based on appropriate variations in: 
- The endplate breadth ( pB ), and/or 
- The endplate thickness ( pt ), and/or 
- The bolt gauge ( g ), and/or 
- The bolt diameter. 
 
 
Axially unrestrained floor areas 
 
The floor areas that are affected by the column removal cases I4, E2, E4 and C1 are axially 
unrestrained; consequently, the corresponding grillage systems are designed based on the 
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simplified approach of Section 8.2.1. Based on the parameters given in Eqn.C.1-Eqn.C.4, 
the minimum required connection hogging moment capacities ( EdjM ,' ) have been defined 
by using the design process of Fig.8.4 and the results are presented in Table C.1. Based on 
those values, the corresponding connections have been designed as shown in Table C.1. 
Since the resulting ratios between the connection sagging and hogging moment capacities 
( mx ) are approximately equal to unity, the iterative process presented in Fig.8.4 was not 
required.  
 
The minimum required connection hogging moment capacities defined by the simplified 
design process (Table C.1) are approximately equal to 2.0-2.8 times the corresponding 
moment capacities (i.e. 41.8kNm) of the original connections designed in Section 7.2.3 
(Table 7.3). This confirms that the resistance of the bare steel grillage structure was limited 
by the rather low connection moment capacities.  
 
 
Table C.1   Design of the axially unrestrained bare steel grillage systems 
 
Based on the connection arrangements shown in Table C.1, analytical predictions of the 
grillage pseudo-static responses have been obtained by using the analytical method of 
Chapter 4 and the Imperial College framework. In particular, two analyses have been 
performed for each grillage system by considering bi-linear characteristics for the 
connection tensile components with 1% strain hardening (similarly to Chapter 7) and 
without strain hardening respectively and the results are presented in Fig.C.1.  
 
As confirmed by the pseudo-static curves of the systems with perfectly plastic connection 
post-limit tensile behaviour, the required connection hogging moment capacities have been 
predicted with reasonable accuracy by the simplified approach of Section 8.2.1. 
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Figure C.1   Pseudo-static responses of the axially unrestrained bare steel grillage systems 
 
 
Axially restrained floor areas 
 
The floor areas that are affected by the remaining column removal cases shown in Fig.7.5 
(i.e. I1, I2, I3, E1 and E3) are either fully or partially axially restrained (Table 7.5); 
therefore the corresponding grillage systems are designed based on the design approach of 
Section 8.2.2. 
 
For infinite connection compressive capacities, the beam maximum pseudo-static 
compressive arching capacities have been defined in Section 7.3.2 (Table 7.7) as follows: 
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Similarly, the maximum compressive axial loads of the beam systems with infinite 
connection compressive capacities have been defined in Section 7.3.2 (Table 7.8): 
 
kN9.735
kN8.1655
:beamsSecondary -
:beamsPrimary -
max
max
=
=
C
C
N
N
 (C.6) 
 
The connection compressive resistance is equal to the compressive capacity of the beam 
flange ( RdbfF , ) which is given in Table 7.2; therefore: 
 kN2.804=CRdF  (C.7) 
 
Based on the various parameters given in Eqn.C.1-Eqn.C.7, the connection design hogging 
bending moments have been defined according to the design process of Fig.8.6 and the 
results are presented in Table C.2. Accordingly, the corresponding connections have been 
designed as shown in Table C.2. 
 
Although the connection sagging and hogging moment capacities are approximately equal 
for each system (thus, 1≈mx ), an iterative process was required (Fig.8.6) in order to define 
values for Cx  that correspond to an optimum design solution. The resulting values of Cx  
are presented in the last column of Table C.3. It is shown that for the axially restrained 
beams, Cx  are higher than zero; therefore, the corresponding systems exhibit compressive 
arching action. In addition, Table C.3 presents the values of the corresponding parameters 
that are required for the prediction of Cx  according to the design process of Fig.8.6. 
 
A comparison between the connection design bending moments for the axially restrained 
and the corresponding axially unrestrained systems shown in Tables C.2 and C.1 
respectively (i.e. I1, I2, I3 and I4; E1 and E2; E3 and E4) highlights the effects of 
compressive arching action on the grillage ultimate capacities. It is confirmed that the 
connection design bending moments for the axially restrained grillage systems are 
significantly lower than the connection design bending moments for the corresponding 
axially unrestrained systems. 
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Table C.2   Design of the axially restrained bare steel grillage systems 
 
 
Table C.3   Maximum pseudo-static compressive arching capacities of the axially 
restrained beams 
 
Based on the connection arrangements shown in Table C.2, the pseudo-static responses of 
the grillage systems have been defined by using the analytical method of Chapter 4 and the 
Imperial College framework. In particular, two analyses have been performed for each 
grillage system by considering bi-linear characteristics for the connection tensile 
components with 1% strain hardening (similarly to Chapter 7) and without strain hardening 
respectively and the results are presented in Fig.C.2.  
 
As confirmed by the pseudo-static curves of the systems with perfectly plastic connection 
post-limit tensile behaviour, the required connection hogging moment capacities have been 
predicted with reasonable accuracy by the simplified approach of Fig.8.6. However, the 
maximum pseudo-static compressive arching capacities of some systems (i.e. I1, I2 and E1) 
have been overestimated due the effects of the various parameters discussed in Section 
8.3.2 (i.e. decrease in the maximum compressive arching capacity due to the non-rigid 
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initial response of the system and decrease in the connection moment capacities due to 
development of a tensile axial load within the elastic stage of the response).  
 
 
Figure C.2   Pseudo-static responses of the axially restrained bare steel grillage systems 
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Composite grillage structure 
 
As shown in Fig.7.11, the composite grillage systems that are affected by removal of a 
peripheral column (i.e. edge or corner) exhibit sufficient capacity against progressive 
collapse. The capacity of the grillage systems that are affected by removal of an internal 
column however, is limited by the low ratio between the connection sagging and hogging 
moment capacities ( mx ).  
 
Based on the values of the sagging and hogging moment capacities of the original 
composite connection given in Table 7.3, the minimum required connection hogging 
moment capacities for the various axially unrestrained grillage systems have been 
calculated based on the simplified model of Eqn.8.11 and the results are presented in Table 
C.4 (i.e. tp=8mm). It is confirmed that, for removal of an internal column (i.e. I4), the 
connection design hogging bending moment is higher than the corresponding capacity. 
 
However, mx  increases as the connection endplate thickness increases as shown in 
Fig.7.12b. For a connection endplate thickness equal to 12mm, the corresponding 
connection moment capacities and the connection design hogging bending moments are 
presented in Table C.4. It is shown that, although the connection hogging moment capacity 
decreases with increases in the endplate thickness, the corresponding design hogging 
bending moments for the internal and edge grillage systems decrease due to an increase in 
the connection sagging moment capacity. The connection design hogging bending moment 
for the corner grillage system on the other hand, remains constant since that system consists 
only of cantilever beams.  
  
 
Table C.4   Design of the axially unrestrained composite grillage systems  
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For the two endplate thicknesses, the pseudo-static responses of the axially unrestrained 
grillage systems, as defined based on the analytical method of Chapter 4 and the Imperial 
College framework by considering perfectly plastic connection post-limit tensile behaviour, 
are presented in Fig.C.3. It is confirmed that the responses of the internal and edge grillage 
systems are enhanced by increasing the ratio between the connection sagging and hogging 
moment capacities; therefore, the internal grillage system exhibits sufficient capacity 
against progressive collapse for endplate thickness equal to 12mm, as defined in Table C.4. 
However, the decrease in the connection hogging moment capacity (Table C.4) leads to a 
corresponding decrease in the capacity of the corner grillage system. 
 
 
Figure C.3   Pseudo-static responses of the axially unrestrained composite grillage systems 
(without strain hardening) 
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As shown in Fig.7.11, the corresponding axially restrained and unrestrained grillage 
systems of the composite structure exhibit similar capacities due to the limited compressive 
arching behaviour of the axially restrained composite beams as well as due to the fact that 
failure of those systems occurs prior to the development of significant tensile catenary 
action. In this regard, the required connection moment capacities may be considered as 
equal for both the corresponding axially restrained and unrestrained composite grillage 
systems. 
 
 
Conclusions 
 
This Appendix presents a worked example for grillage design against progressive collapse 
based on the simplified design methods developed in Section 8.2. In particular, the methods 
are applied for re-design of the bare steel and composite grillage structures adopted in the 
case study of Section 7.3. 
 
Particular attention has been given to the design of the bare steel structure which originally 
exhibited limited capacity against progressive collapse (Fig.7.10). The axially restrained 
areas of the bare steel structure have been designed based on the simplified method of 
Section 8.2.1 whereas the axially unrestrained areas of the structure – which exhibit distinct 
compressive arching behaviour – have been designed based on the extended method of 
Section 8.2.2.  
 
In addition, the design method of Section 8.2.1 has been applied to appraise the effects of 
the connection sagging moment capacity – which is substantially low as compared to the 
hogging moment capacity – on the progressive collapse behaviour of the composite 
structure. Therefore, it has been confirmed that the ultimate capacities of the internal 
grillage systems were originally limited by the relatively low connection sagging moment 
capacities.  
 
The design solutions for the various grillage systems obtained by the simplified methods of 
Sections 8.2.1 and 8.2.2 have been verified against analytical representations of the 
corresponding responses obtained by applying the analytical method of Chapter 4 and the 
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Imperial College framework. It has been confirmed that the simplified design methods can 
provide reasonable approximations of the grillage resistance against progressive collapse, 
i.e. typically less than a 10% under-prediction unless considerable strain hardening is 
possible. 
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